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INTRODUCTION 
Calcium metaphosphate (CMP) is the name given a phos­
phorus-bearing fertilizer produced by The Tennessee Valley 
Authority (T. V. A.). The major portion of the phosphorus in CMP 
is present as condensed phosphate, whereas orthophosphate is 
the principal phosphorus-bearing component of concentrated 
superphosphate (CSP) and other common phosphorus fertilizers. 
Because there is a difference in the phosphatic component 
of CMP and CSP, the relative availabilities of the phosphorus 
from these two sources are not necessarily the same for a 
given soil and may differ among soils. The causes for the 
variation of the relative availabilities may be related to 
three phenomena: (1) the intrinsic capacity of plants to 
absorb the different foras of phosphorus, (2) the manner of 
interaction of the different forms of phosphorus with soil, 
and (3) the rate and extent with which the phosphorus is re­
leased to the soil-plant system from the fertilizer. 
The first objective of the work described in this thesis 
was to develop a laboratory method which could be used to 
estimate the relative availability of phosphorus to plants 
from CMP and CSP. Successful completion of the first objec­
tive will provide a basis from which to work toi estimating 
the relative availabilities of CMP and CSP under other condi­
tions. The modifications may take the form of alterations of 
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the laboratory procedure, Introduction of a more complex 
estimation scheme to take account of differences In condi­
tions, or both. Estimates of the relative availability of 
phosphorus from CMP and CSP may be combined with cost factors 
to take into' account the economic considerations of fertilizer 
use. 
The second objective was to explain the differences in 
relative availability of CMP and CSP among soils. Realization . 
of the second objective will provide some additional informa­
tion regarding the adequacy of the laboratory techniques and 
also will provide Information concerning the way in which CMP 
reacts with soil. 
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LITERATURE REVIEW 
Terminology 
Structurally condensed phosphate Is formed from the 
attachment of two or more orthophosphate tetrahedra, In which 
an apical oxygen atom is shared between two tetrahedra. Thus, 
a P-O-P bond is formed by the loss of HgO from two P-O-H 
groups. This reaction proceeds upon high temperature dehydra­
tion of the acid orthophosphate. In the presence of water, 
condensed phosphate slowly reverts to orthophosphate by 
cleavage of P-O-P bonds to form P-O-H groups. Van Wazer 
(19f>8) used the generic term "condensed phosphate" to dis­
tinguish phosphates, the acids of which have less water than 
orthophosphoric acid (3HgO • PgO^ ). By general agreement, 
the term "metaphosphate" is reserved for ring-structure con­
densed phosphate, and the term "polyphosphate" is reserved for 
chain-structure condensed phosphate. In the earlier litera­
ture the term metaphosphate was used to designate all phos­
phates other than orthophosphate and pyrophosphate. 
Identity of CMP 
CMP is a phosphatlc material prepared by reacting hot 
P2O5 gas with finely ground phosphate rock. The hot reaction 
product is cooled quickly, ground to the desired fineness, 
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and conditioned with limestone. In this form it is used as a 
phosphatic fertilizer. 
There has been no detailed research on the nature of the 
condensed phosphate compounds in CMP, but from the evidence 
available it appears that the phosphorus in CMP is present 
mostly as a mixture of condensed phosphate species, which is 
qualitatively similar to the mixture in condensed phosphates 
produced by high temperature dehydration of acid orthophos­
phates of calcium or sodium. The evidence is as follows. 
Huffman and Fleming (I960) prepared a vitreous material by 
high temperature dehydration of CafHgPO^ g " HgO. Upon treat­
ment of an aqueous solution of this vitreous material with a 
cationic resin (Na+ cycle), they found that the resulting 
sodium phosphate gave chromatograms similar to those known for 
condensed phosphate of sodium. They further demonstrated, by 
the use of chromatographic methods and the determination of 
thermodynamic quantities, that the mechanism of hydrolytic 
degradation of vitreous, condensed phosphate of calcium was 
essentially similar to the hydrolytic degradation of the 
vitreous, condensed phosphate of sodium. Earlier Brown et 
al. (1957) had identified several crystalline Intermediates 
in the hydrolytic degradation chain of a vitreous, condensed 
phosphate of calcium prepared in a manner similar to the one 
prepared by Huffman and Fleming (I960). These crystalline 
intermediates were identified as condensed phosphate. 
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Response of Plants to CMP and CSP 
Terman and Seats (1956) summarized field-response meas­
urements compering CMP and CSP on neutral to acid soils. They 
used the criteria of relative yield and relative yield-
increase, and computed these indexes for each field experiment 
in which there was a statistically significant or at least a 
10 per cent yield response from phosphorus application rela­
tive to the control. The average relative yield from CMP and 
CSP in 1092 field tests was 0.99, and the comparable relative 
yield-increase was 0.96. In these field tests CMP and CSP 
seldom gave a yield difference which could not be attributed 
to chance alone. Terman and Seatz (1956) applied similar 
criteria and computations to 82 field experiments on alkaline 
soils and found the average relative yield and average rela­
tive yield-increase to be 0.95 and 0.79, respectively. 
Tisdale and Winters (1953) summarized the results of a number 
of field experiments in which a statistically significant 
response was obtained from the application of phosphorus 
fertilizers to alkaline soils. Where they used the criterion 
of yield of the economic part of the plant in 27 comparisons, 
they found that CMP was superior to CSP in one experiment and 
that in 20 experiments the responses did not differ beyond the 
limits of experimental error. Where they used the criterion 
of the proportion of the phosphorus derived from the ferti­
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lizer in 3d comparisons, they found that CSP was superior to 
CMP in 32 experiments and that the difference between ferti­
lizers did not exceed the limits of experimental error in 6 
experiments. Although the criteria used in these comparisons 
are subject to variable bias, as far as estimation of avail-
ability-coefficient ratios is concerned, the evidence indi­
cates that the availability coefficient of phosphorus in CMP 
is definitely less than that in CSP in alkaline soils and 
approaches that of CSP in acid to neutral soils. 
Several investigators measured plant responses to surface 
applications of ordinary superphosphate or CSP and CMP to es­
tablished forage crops. Although the soils had pH values of 
5.8 or lower and the climatic areas were at least subhumid in 
the experiments of Pesek (1955) and Blaser and McAuliffe 
(1949), CMP was inferior to superphosphate in the majority of 
cases based on the criterion of the proportion of tjie plant 
phosphorus derived from the fertilizer. In the same experi­
ment, yields of dry matter did not differ significantly be­
tween the two fertilizers. Alway and Nesom (1944) noted 
inferior yields of dry matter from CMP relative to CSP from 
surface applications of these phosphatic fertilizers to estab­
lished alfalfa on a soil of pH 6.7. The results of these 
experiments suggest that periods of low soil moisture at the 
site of application impair the effectiveness of CMP relative 
to CSP. 
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Rather strong evidence is uniformly noted (Terman and 
Seatz, 1956; Tisdale and Winters, 1953» Pesek, 1955) that the 
effectiveness of CMP relative to CSP decreases as the particle 
size of CMP is increased. 
Reports of evaluation of plant response from CMP relative 
to CSP in greenhouse cultures are much less numerous than 
comparisons in the field. Hinkle ( 191+2) found that the rela­
tive increase in yield of phosphorus from CMP was 0.8 that 
from CSP in greenhouse cultures of a calcareous soil. In a 
field experiment on the same soil, he found that the yields of 
forage did not differ appreciably between fertilizers. The 
greenhouse culture tests of Jacob and Ross (1940) involved a 
comparison of phosphatic fertilizer sources on a number of 
soils of pH 7.1 or lower. They found that the increase in 
yield of phosphorus from CMP exceeded that from the more 
water-soluble sources, such as ordinary superphosphate and 
Ca(EgP0^ )g • HgO, and was nearly equal to that frdin CaHPO^  • 
2H20 in five of the six soils considered. In two comparisons 
between soils of the same soil series but different pH, the 
performance of CMP relative to the more water-soluble sources 
was poorer on the soils having the higher pH. However, the 
increases in yield of phosphorus from CMP relative to those 
from the more water-soluble sources were still greater than 
unity. One rather striking observation here Is that the 
relative increase in yield of phosphorus from CMP and super-
8 
phosphate averaged 1.23» whereas Terman and Seatz (1956) re­
ported 0.96 for the comparable computation on crop yield in 
field experiment s on acid to neutral soils. There are not 
sufficient data from greenhouse cultures to permit any con­
clusions about the expected range of relative yield-increases 
in greenhouse evaluation compared to relative yield-increases 
in field experiments. 
Interaction of Condensed Phosphate with Soil 
The literature concerning the interaction of soils and 
soil suspensions with condensed phosphate Is confused because 
of the limited knowledge about the nature of the compounds 
and the Inadequacy of techniques used to measure the effects. 
The order of approach will be to review some of the known 
reactions of condensed phosphate in simpler systems and then 
to consider the interactions of condensed phosphate with soil 
in the light of the known reactions in the simpler systems. 
Some clarification will be attempted by considering separately 
the behavior of solid-phase and solution-phase condensed 
phosphate. 
Dissolution and hydrolytic degradation of solid-phase con­
densed phosphate 
The solubility of solid-phase condensed phosphates in 
aqueous solutions is affected by the method of preparation of 
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the condensed phosphate. Jacob and Ross (1940) observed that 
the solubility of condensed phosphate of calcium in dilute 
ammonium citrate solution varied according to the method of 
preparation of the condensed phosphate, and Maclntlre et al. 
(1937) observed that CMP is nearly completely soluble in 
dilute ammonium citrate solution. Volkerding (1942) demon­
strated that the water-solubility of condensed phosphate of 
potassium and calcium, which was prepared by high temperature 
dehydration of the respective acid orthophosphate salt, dif­
fered from that of the commercially-prepared, condensed-
phosphate fertilizers. 
When Volkerding and Bradfield (1944) placed solid-phase 
condensed phosphate of potassium in water, they observed that 
the total phosphorus in solution was (1) enhanced by the 
addition of soluble condensed phosphate of potassium, (2) en­
hanced by the presence of nitrate salts of calcium, sodium, 
magnesium, and ammonium in the order of decreasing effective­
ness, (3) not affected differently by the sulfate or nitrate 
anions, and (4)enhanced by the addition of dilute nitric or 
sulfuric acid but to a much lesser extent than by the salts 
of their respective anions. Nitric and sulfuric acids were 
the only treatments which caused the formation of more than 
minor mounts of orthophosphate. Their first observation is 
the reverse of what would be expected if the solid-phase con­
densed phosphate of potassium were a crystalline substance 
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that had a solubility-product constant. Their second and 
third observations perhaps are related to the tendency of the 
cation to complex the condensed phosphate. Calcium, sodium, 
and ammonium ions complex condensed phosphate in decreasing 
order of effectiveness as listed (Van Wazer, 1958). Volker­
ding and Bradfield (191)4) observed a minor effect of various 
treatments on the solubility of solid-phase condensed phos­
phate of calcium In water. 
One of the most striking observations made by Volkerding 
and Bradfield (1944) was the depressed dissolution of solid-
phase condensed phosphate of calcium and the enhanced dissolu­
tion of solid-phase condensed phosphate of potassium brought 
about by the addition of CaCOg. Maclntlre et al. (1937) found 
that the solubility of CMP was essentially the same in car­
bonated water but was less in solutions of CaCOj or CaHCOj 
than in distilled water. The enhanced solubility of the con­
densed phosphate of potassium by CaCOj may be explained on the 
basis of the positive influence of the calcium ion on dissolu­
tion similar to that mentioned earlier for Ca(NO^ )^ . The de­
pressed solubility of the condensed phosphate of calcium by 
CaCOg may be due to a surface-coating effect. Frear et al. 
(1944) observed a marked reduction In the hygroscoplcity of 
CMP which was conditioned with a small amount of limestone. 
Huffman and Fleming (I960) successfully used first-order 
kinetics to describe the rate of hydrolytic degradation of 
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several chramatographically distinguishable groups of con­
densed phosphate. Van Wazer (1958) listed the factors known 
to affect the rate of hydrolytic degradation of condensed 
phosphate. In the order of their decreasing effectiveness, 
these factors are as follows: temperature, hydrogen-Ion con­
centration, enzymes, colloidal gels, completing cations, and 
ionic strength. Donoso-Torres (1958) successfully applied 
the theory of two consecutive first-order reactions to a 
system of solid-phase condensed phosphate of calcium in water. 
He observed that the rate of hydrolytic degradation was rate 
limiting, which is also apparent in the observations of 
Volkerding and Bradfield (1944). It is not known whether 
first-order reaction kinetics apply in soils where the phos­
phate particles are stationary. 
Reaction of solid-phase condensed phosphate with soils 
Considerable research has been done concerning the reac­
tion of solid-phase condensed phosphates with salts and acids 
in aqueous solutions, but the parallel research in the pres­
ence of soils has received little attention. Gilligan (1941) 
mixed C3F and CMP with several Delaware soils at the rate of 
250 ugm.1 of P per gm. of dry soil and extracted the mixture 
*The letter "u" will be used throughout this thesis for 
the Greek letter where^  signifies "micro". 
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with buffered 0.002 N H^ SO^  following a 9-week incubation with 
intermittent wetting and drying. Schmehl et til. (1955) also 
mixed CMP and CSP with an alkaline soil at the rate of 45 ugm. 
of P per gm. of soil and extracted the mixture with a NaHCO^  
solution after periods of continuously wet incubation up to 
12 weeks. The extractable-phosphorus trends were similar in 
both cases. With the CSP treatment, the amounts of extract-
able phosphorus were relatively large initially and decreased 
throughout the test period. With the CMP treatment, the 
amounts of extract able phosphorus were relatively small 
initially and increased throughout the test period. The 
amount of phosphorus extracted from soil treated with CMP 
never exceeded that treated with CSP. 
Gllligan (1941) observed no condensed phosphate in the 
buffered extractant after contact with the CMP»treated soil, 
nor was condensed phosphate observed in an extract obtained 
using 0.5 N acetic acid. This observation could be explained 
on the basis of non-extraction of condensed phosphate or 
hydrolysis before or during the extraction, the first of which 
appears most probable. The results of Schmehl et al. (1955) 
indicate a gradual fonnation of orthophosphate from the con­
densed phosphate in CMP, when CMP is placed In soil. 
Reaction of soluble condensed phosphate with clays 
Low and Black (1950 ) reacted kaollnite with dilute solu­
tions of orthophosphate (0.025-0.25 mgm. of P per gm. of 
13 
kaolinite) at pH 5.0, from which they demonstrated that the 
amount of phosphorus adsorbed followed the Freundlich adsorp­
tion isotherm. From the fact that the adsorption of phos­
phorus increased with temperature, they inferred that the 
adsorption was chemical in nature. They conducted similar 
experiments with a more concentrated solution of orthophos­
phate, in which they determined that the phosphorus fomed a 
sparingly soluble compound with aluminum, and that the result­
ant decomposition of the kaolinite engendered an amount of 
silica in solution proportional to the amount of phosphorus 
removed from solution. Russell and Low (1954) demonstrated 
that the adsorption of phosphorus from dilute solutions of 
orthophosphate by kaolinite can be a chemlsorptlon phenomenon 
involving active aluminum on the surface of the kaolinite. 
Englehardt and Smollnskl (1957) conducted analogous ex­
periments in which a condensed phosphate was used instead of 
orthophosphate. They reacted Na-kaolinite and Na-
montmorillonlte with dilute solutions of trlpolyphosphate 
(0.07-0.27 mmolea of Na^ P^ O^ g per 5 gm. of kaolinite or 2 gm. 
of montmorillonlte) at pH 8.7 for 1& hours. At pH 8.7 trl­
polyphosphate is relatively stable toward hydrolysis at room 
temperature. They observed that the adsorption of phosphorus 
followed the Freundlich adsorption isotherm, and that in­
creasing amounts of phosphorus were adsorbed at Increased 
temperature in accordance with chemlsorptlon. When they 
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reacted a much more concentrated solution of trlpolyphosphate 
with the same clays and analyzed the supernatant 21 days later, 
they observed the ratio of SiOg to AlgOg in solution to be 2 
in the case of kaolinite and the ratio of SiOg to AlgO^  + 
FegOg in solution to be 5 in the case of montmorillonite. 
These are the respective theoretical ratios in the crystals 
of kaolinite and montmorillonite, Moreover, it was observed 
that previous reaction of the clays with trlpolyphosphate 
followed by washing and drying diminished the subsequent ad­
sorption of phosphorus from trlpolyphosphate by the clays. 
This inhibition of subsequent adsorption of phosphorus in­
creased as the amount of previous trlpolyphosphate treatment 
was increased. 
From the comparative action of orthophosphate and trl­
polyphosphate it is apparent that excess amounts of both 
phosphate species react with clays primarily by chemical 
combination with aluminum and iron. The decrease In the 
activity of aluminum ion is brought about by precipitation 
in the case of orthophosphate and by the formation of a 
soluble complex of aluminum with the condensed phosphate in . 
the case of trlpolyphosphate. 
Van Vazer and Besmertnuk (1950) found that the yield 
value (an index of viscosity) of kaolinite was the same func­
tion of the rate of addition of condensed phosphate regardless 
of whether the cation associated with the clay (electrodia-
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lyzed and neutralized with the hydroxide of the respective 
cation) and the condensed phosphate was the tetramethyl 
ammonium, sodium, or calcium ion. Because the degree of com-
plexing of these three cations with condensed phosphate dif­
fers markedly, they concluded that complexing of the exchange­
able cation by the condensed phosphate cannot explain com­
pletely the action of condensed phosphate on clay suspensions. 
Reaction of condensed phosphate with salts and precipitates 
The capacity of condensed phosphate to form complexes 
with metal ions such as the alkaline earths, aluminum, and 
iron is used in commercial applications. It is expected that 
condensed phosphate could also undergo such reactions in soils 
where various precipitates of these counter ions are present. 
As little as 1 p.p.m. of Graham's salt (NaPO^ ) will pre­
vent precipitation of CaCO^  in ammoniated irrigation waters. 
Buehrer and Reitemeier (1940) observed that the condensed 
phosphate did not act by stabilizing CaCOj in colloidal fora, 
because no Tyndall effect could be measured. They observed 
that condensed phosphate was adsorbed on solid CaCO^ , which 
resulted in distortion of the crystals and inhibition of 
further precipitation of OaCO^  on the crystal surfaces. 
Reitemeier and Ayres (1947) demonstrated with the use of a 
clay-membrane electrode that this inhibition of precipitation 
in systems saturated with respect to CaCOj or CaSOj^  was not 
due to a decrease in the activity of the calcium ion. They 
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concluded that this result is in agreement with the mechanism 
expected from the cristallographie observations of Buehrer and 
Reitemeier (1940). The failure of the condensed phosphate to 
affect calcium-ion activity is in only apparent disagreement 
with the concept of complex formation, because the concentra­
tions of condensed phosphate employed were too low to have an 
appreciable complexing effect. 
Van Wazer and Callis (1958) have reviewed and discussed 
the topic of complexing of the metal ions by phosphates. They 
describe a technique in which a solution of a soluble calcium 
salt is added at constant pH to a solution containing a mix­
ture of condensed phosphate of sodium and a calcium precipi­
tating anion until turbidity is observed with a nephelometer. 
The amount of soluble calcium ion required to produce tur­
bidity is a measure of the "sequester" value of the condensed 
phosphate, where "sequestration" is defined as a process 
whereby calcium ion remaits in solution and yet acts as if 
its concentration were much lower. With the following two 
reactions they described the distribution of calcium between 
a precipitating anion and the complexing condensed phosphate : 
Ca++ + chain-phosphate molecule-anion-^  ^Oa complex of 
chain phosphate 
Ca** + precipitating anion ^=^ Ca precipitate. 
The different precipitating anions should affect the second 
reaction and thereby yield sequester values decreasing with 
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decreased solubility of the calcium salt of the precipitating 
anion. Where they used orthophosphate at pH 8 as the standard 
precipitating anion, the observed order of sequestration of 
calcium agreed with the expected for F~, CgO^ "", SiO^ =, and 
S0^ =, but not for COj=. They concluded that the action of the 
carbonate ion was somewhat anomalous and required further 
study. Based on the calcium-ion concentration in equilibrium 
with 10~2 m precipitating anion, they illustrated that trl­
polyphosphate and pyrophosphate would dissolve the following 
salts in decreasing order of facility: Ca(N0^ >2, CaOlg, CaSO^ , 
CaHFO^  at pH8, CaSiO^ , and CaCOg. 
In these tests discussed by Van Wazer and Oallis (1958) 
the ring condensed phosphate was ineffective. Where the vari­
ous phosphates were present in equal molar concentrations, the 
sequester value increased with the number of phosphorus atoms 
per molecule up to three and then remained about the same as 
the chain length was Increased further. They mention also 
that condensed phosphate may have a positive effect of dis­
persion and colloidal stabilization on certain precipitates 
depending on the experimental conditions. 
From the discussion above, it appears that condensed 
phosphate may cause sequestration in soil, one result of which 
might be dissolution of seme of the solid-phase orthophos­
phate. Because condensed phosphate disappears rapidly from 
solution, apparently because of reaction with the same 
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cationic constituents of soil that react with orthophosphate, 
the possibility exists also that orthophosphate may appear in 
solution as the result of an exchange reaction. 
Reaction of soluble condensed phosphate with soil 
The supply of orthophosphate to the plant from a solid-
phase condensed phosphate implies at least an ephemeral 
existence of condensed phosphate in the soil solution. Hence 
the interaction of solution-phase condensed phosphate with 
soil is a matter of some importance, 
A number of Investigators (Maclntlre et al., 1937î 
Volkerding, 1942; Rotini et. al., 1952) observed that when 
soils were equilibrated with a solution containing orthophos­
phate or a solution containing some condensed phosphate but 
of identical total-phosphorus concentration, the amount of 
phosphorus remaining In solution was greater with orthophos­
phate than with condensed phosphate. Moreover, Maclntlre 
et al. (1937) demonstrated a similar greater sorption of 
condensed phosphate compared to orthophosphate In the presence 
of dilute ammonium citrate solution. They observed also that 
the selective sorption of condensed phosphate over orthophos­
phate was more prominent in dlalyzed gels of iron and aluminum 
than in soils. Tsuge and Yoshlda (1958 ) noted that the fixa­
tion velocity of ring phosphate was less than that of ortho-
phosphate and much less than that of trlpolyphosphate. 
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Scott (1958) equilibrated solutions of orthophosphate 
and solutions of orthophosphate and condensed phosphate (75 
to 900 ugm. of P per gm. of soil) with acid and alkaline 
soils for various lengths of time after which he measured the 
total-phosphorus and orthophosphate-phosphoius concentration 
in the supernatant. He found (1) a greater sorption from 
solutions containing some condensed phosphate than from solu­
tions containing only orthophosphate, (2) a greater difference 
in sorption from solutions containing condensed phosphate 
compared to solutions of orthophosphate as the duration of 
equilibration was extended, (3) increased sorption from solu­
tions of orthophosphate and condensed phosphate as the pro­
portion of condensed phosphate in the Initial solution was 
increased, and (4) a lesser proportion of the initial phos­
phorus sorbed as the initial concentration of the solution was 
increased, both from solutions of orthophosphate and solutions 
of orthophosphate and condensed phosphate. In a number of 
instances the orthophosphate engendered In solution during 
equilibration with condensed phosphate was greater than deter­
mined by measurement of the labile phosphorus with isotopic 
dilution of p320|^ ~. This excess of orthophosphate that ap­
peared in solution could be explained by hydrolysis of con­
densed phosphate during equilibration, interaction of the 
condensed phosphate with more soil phosphorus than determined 
by isotopic dilution of P^ O^^ ", or a combination of both. 
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Because the method could not distinguish the relative amount 
from the two possible sources, Scott (1958) could not describe 
the relative sorption of the two forms of phosphate by a sin­
gle index for each soil. 
Although there is circumstantial evidence (Scott, 1958; 
Volkerding, 1942) that the rate of hydrolysis of condensed 
phosphate is enhanced by soils, no specific measurements have 
been successfully made at rates of phosphorus application 
equivalent to normal fertilization. The net change in ortho-
phosphate in solution resulting from equilibration of a solu­
tion containing orthophosphate and condensed phosphate with a 
soil is an algebraic summation of the sorption of orthophos­
phate by the soil, the amount of orthophosphate resulting from 
hydrolysis, and the amount of orthophosphate originally pres­
ent in the soil which is rendered soluble by addition of the 
condensed phosphate. Huffman and Fleming (I960) made chroma­
tographic separations of intermediate species of condensed 
phosphate in a soil suspension and in an aqueous solution, 
where the rate of phosphorus addition was 15»7 mgm. of P per 
gm. of soil. They observed an increased rate of hydrolysis 
in the soil suspension and found that the kinds and propor­
tions of intermediate condensed phosphate were not changed by 
the soil. Rotini and Carloni (1953) observed that pretreat-
ment of a soil at 105° C. for 80 hours and subsequent equili­
bration with condensed phosphate moderately decreased the 
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amount of orthophosphate in solution, where the rate of addi­
tion was 3 mgm. of P per gm. of soil. This evidence suggests 
an effect of soil microorganisms on hydrolysis, but it does 
not rule out the possible effect of some thermolablle inor­
ganic substances on hydrolysis of condensed phosphate. 
Relationship between Condensed Phosphate and 
Assimilation of Phosphorus by Plants 
The action of plants in the plant-soil-fertilizer system 
would be expected to exert some influence on the value of 
condensed phosphate as a source of phosphorus for plants. 
Black (1957) cites a number of existing lines of evidence to 
support the commonly held view that most, if not all, of the 
phosphorus absorbed by plants in soils not treated with CMP 
comes from inorganic orthophosphate. Weissflog and Mengdehl 
(1933) made a detailed study of phosphorus absorption by 
plants, where condensed phosphate was added to nutrient cul­
tures. They added solutions of KEgPO^ , K^ PgOy, and KFO3 
(condensed phosphate) to sterile culture solutions or similar 
cultures infused with a soil-water supernatant. They found 
the plant yields to be highest with KHgPO^ , intermediate with 
k4f2°7' lowest with KPOj. They observed some condensed 
phosphate in the sterile and infected cultures after 1+9 days, 
where condensed phosphate was initially present. When K^ PgOy 
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or KPO^  was added to sterile cultures and the hydrolysis was 
measured in the presence or absence of plants, they found a 
much greater proportion of the total phosphorus as orthophos­
phate in the cultures in which plants were grown. These two 
lines of evidence indicate that plants contain or excrete 
substances which will accelerate hydrolysis of condensed phos­
phate. They observed no condensed phosphate in stems and 
leaves, but a concentration in root tissue greater than in the 
ambient nutrient solution. This evidence suggests that phos­
phorus was being absorbed in part as condensed phosphate. 
According to Schmidt (1951), the occurrence of inorganic con­
densed phosphate and condensed phosphatases in the aerial 
portion of higher plants is rare. However, the presence of 
condensed phosphatases and inorganic condensed phosphate in 
lower plant and animal organisms is frequent. 
The evidence indicates that higher plants contain or 
excrete substances capable of accelerating hydrolysis of con­
densed phosphate and that soil microorganisms may play a part 
in the hydrolysis of condensed phosphate in soil. 
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MATERIALS AND METHODS 
Greenhouse 
The soil samples selected for the greenhouse plant-
response measurements are listed in Table 1 along with the 
sample numbers, the origin, and measurements of several 
properties. The samples were obtained through the cooperation 
of the individuals listed. These soil samples were obtained 
from the surface layer, and as a group they evince a wide 
range of relative plant responses from CMP and CSP in field 
experiments. The bulk samples were air-dried, passed through 
4-mesh hardware cloth, and stored in galvanized metal con­
tainers prior to use. 
The CMP and CSP fertilizers were each sampled from the 
contents of a fertilizer bag of the respective material ob­
tained for experimental purposes frcm The Tennessee Valley 
Authority. The T. V. A. laboratory numbers were 34313 and 
61*.207 for the CMP and CSP, respectively. The samples were 
dry-sieved, and the 32 to 60-mesh and 4.0 to 80-mesh materials 
were retained for greenhouse and laboratoiy use. The total 
phosphorus percentages in the fertilizers were as follows: 
28.62 for the 32 to 60-mesh CMP, 22.59 for the 32 to 60-mesh 
CSP, 29.25 for the lj.0 to 80-mesh CMP, and 23.09 for the lj.0 
to 80-mesh CSP. These fertilizer samples were stored in 
Table 1, Soil type and number, source of sample, pH of saturated soil-paste, and 
electrical conductivity of extract of saturated soil-paste for the soil 
samples used in greenhouse and laboratory experimental work 
Electrical conduc-
pH of tlvity of extract of 
Sample Source of soil sample saturated saturated soil-paste, 
number* State Contributor Soil type soil-paste mmho. per cm. 
F-2814 So. Dak. L. 0. Fine Barnes loam 6.7 1.02 
F-294-7 Iowa D. R. Bouldin Carrington loam 5.2 1.04. 
52569 No. Dak. D. L. Grunes Cheyenne fine sandy 
loam 6.6 0.65 
F-2822 Virginia C. I. Rich Davidson clay loam 6.2 0.65 
52583 Minn. A. C. Caldwell Fargo sllty clay loam 7.7 1.05 
52570 No. Dak. D. L. Grunes Huff loam 7.7 1.32 
F-294-8 Iowa D. R. Bouldin Ida silt loam 7.8 0.32 
F-2950 Colo. W. R. Schmehl & Larimer fine 
s. D. Romsdal sandy loam 7.9 1.16 
F-2819 6a. L. E. Ensmingerlloyd clay loam 6.1 0.6k 
52589 111. F. C. Bauer Muscatine silt loam U.9 I.4.6 
F-2834. No. Carolina A. Mehllch Norfolk loamy sand 6.5 0.35 
F-2829 Idaho J. V. Jordon Palouse sllty clay 
loam 5.7 0.94-
F-294.9 Iowa D. R. Bouldin Seymour silt loam 5.7 0.32 
F-2830 Minn. A. C. Caldwell Waukegan silt loam 5.5 2.22 
•The five-digit numbers are U. S. D. A. numbers for samples from the 1952 
uniform P32 experiments (Dean, 1953)» and those preceded by an "F" are Iowa numbers. 
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tightly sealed glass jars. 
The fertilizer treatments consisted of the control and 
one rate of phosphorus application each from CMP and CSP. The 
rate of phosphorus application was 30 mgm. of P per ij.00 gm. of 
soil, and the fertilizers were supplied as 32 to 60-mesh 
material. These three treatments were expected to permit 
estimation of the ratio of the availability coefficients of 
the phosphorus in the two fertilizers according to the method 
of White et al. (1956). 
To aid In preparing the cultures and in adjusting the 
water content during growth of the test crop, the water-
holding capacity of each soil and of silica sand was measured 
in the following manner. A weighed centrifuge soil-box was 
fitted with a piece of filter paper, which had been weighed 
while wet. Then a 30-gm. quantity of soil or sand was added. 
This quantity of soil formed a soil column about 1 cm. in 
depth. The box was placed for 1 hour in a pan containing a 
1-mm. depth of water and then was removed and allowed to drain 
15 min. before weighing. 
The greenhouse cultures were prepared in the following 
manner. Nonperforated, polyethylene poultry bags were in­
serted into N0e 10 cans. These bags were constructed of 
0.0015 gauge polyethylene with dimensions of 6 by 3.5 by 15 
inches. They were obtained from the Dobeckraun Company, 
P. 0. Box 6^ .17, Cleveland 1, Ohio. About 2600 @n. of washed 
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silica sand was added to each container. The exact amount of 
sand was determined by the condition that, when all of the 
contents of the container were wetted to one-half of the 
water-holding capacity, the container and contents were to 
weigh 4.620 gm. 
One-hundred ml. of a concentrated, minus-phosphorus 
nutrient solution including minor elements was added to the 
silica sand. The concentration of this nutrient solution was 
determined by the condition that, when all of the contents of 
the container were wetted to one-half of the water-holding 
capacity, the concentration of the resulting solution in the 
culture was to be 0.6 of the strength described by Hoagland 
and Arnon (1950). The concentrated, minus-phosphorus solution 
was prepared according to Hoagland and Arnon (1950) by adding 
51.2, 32.8, and 26.6 gm. of Oa(NO^)^ • 4^0, KNO^, and MgSO^ • 
THgO, respectively, per 18 1. of water. The micronutrient 
solution was prepared according to Hoagland and Arnon (1950) 
and was added to the concentrated solution at the rate 54 ml. 
per 18 1. A stock solution of iron was prepared from Geigy 
Sequestrene 330 Pe (an iron chelate) to give 5.25 gm. of Pe 
per 1., and 54- ml. of this Iron stock solution was added 
per 18 1. of the concentrated, minus-phosphorus solution. 
Following addition of the concentrated, minus-phosphorus 
nutrient solution to the cultures, the preparation was 
allowed to become air-dry. A 4-00-gm. quantity of soil, 
which was mixed with the indicated amount of phosphate 
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fertilizer, was then added above the sand. Ten cultures were 
prepared for each fertilizer treatment on each soil. 
The cultures were planted on April 22, 1958» when 25 
hybrid sorghum (RS 610) seeds were placed on the soil in the 
cultures described in the two preceding paragraphs, and a 
layer of silica sand (850 gm. per culture) was placed over 
the soil and seeds. The cultures were watered lightly and 
arranged on the benches in a split-plot design, where the 
soils were randomized in each block, and the treatments were 
in turn randomized within each soil. The cultures were 
covered for germination, and on May 2 were thinned to 14 
plants per culture. At this time the cultures were watered up 
to one-half the water-holding capacity. Thereafter the cul­
tures were watered by weigit every second day and were watered 
by volume at other times as often as necessaiy to maintain 
growth. When the cultures were watered by weight, they were 
re randomized within soils, and the soils were rotated within 
blocks. The blocks were not rotated with respect to their 
location In the greenhouse. 
Additional quantities of nitrogen and potassium were 
supplied in solution to the plants by the addition of a com­
bination of KNO3, MH^ No^ , and Oa(NO^ )^  " H^gO, that was deter­
mined by three conditions. The first condition was that no 
residual pH change should result from addition of the salts. 
This requirement was deduced from the principles concerning 
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acid and base-forming fertilizers, which were shown by 
Pierre (1928). Based on his findings, the relative residual 
basicity of KNO^  and CafNO^ g * 4^ 2° should be 0.5 and 1 per 
mole, respectively, and the relative residual acidity of 
NH^ NO^  should be 1 per mole. Accordingly, the first condition 
will be satisfied by the relationship, 
(gm. of NH^ NOg) (0.5)(gm. of KNO3) (gm. of CafNOgjg'^ gO) 
80 " 101 " 236 
E 0. 
The second condition was that nitrogen and potassium should 
be utilized in the same proportion in which they are applied, 
so that neither constituent would accumulate to excess in the 
soil. If such utilization occurs upon application of two 
parts of N to one of K by weight, the second condition will 
be satisfied by the relationship, 
(28) (gm. of MHi.NO-a) (14)(gm. of KMX) (28) (gm. of Ca(N0,)P 
5 5 — +  1 5 1  +  2 3 ?  
* 4H20) : (2) (39) (gm* of KNO3) 
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The third condition was the quantity of nitrogen desired per 
culture. Simultaneous solution of these three equations 
determined the quantities of the three salts to use for a 
particular application. Beginning May 10, totals of 240 mgm. 
of N and 120 mgm. of K were applied per culture. Either 20 
29 
or 40 mgm* of N was added per culture In a 10-ml. volume of 
solution at each addition. The additions were made at 
moderately regular intervals determined by the growth rate 
of the plants. Not all of the additions were made to some 
of the control cultures, because apparent salt-injury symptoms 
were observed on some of these plants. The control plants on 
some soils ceased growth early in the experiment and showed 
abnormalities which were not distinctly nitrogen-deficiency 
symptoms. These plants also failed to give a visually dis­
cernible response to additions of nitrogen and potassium. 
Infestations of red spider mite and thrip were each ob­
served once during the experiment and were controlled with 
parathion fumigation and chlordane dust, respectively. 
On June 1 a necrosis was noticed on the outer portions 
of the leaves of seme of the plants. Within a period of 
several days this necrosis appeared on nearly all of the 
plants. No identification of the symptoms was made. It was 
decided that the necrosis may have been related to the pres­
ence of ample quantities of other nutrients In the presence 
of a small amount of phosphorus. 
The plants were harvested on June 6 and 7. The portion 
of the plants above the sand was removed and was placed in 
paper sacks. The samples were dried at least lf.8 hours at 
70° C. before weight measurements were made. The dried plant 
material was ground, stored In glass Jars, and re dried at 
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70° C. before phosphorus analysis was made. 
Laboratory 
Determination of phosphorus in plant material 
Phosphorus concentration in the plant material was de­
termined on the plant material from each culture. One gm. 
of the ground sample was ashed with 10 ml. of a 5 per cent 
solution of magnesium acetate In water and ethanol after 
evaporation to dryness. The ethanol-water mixture was a 
preparation of 1 part of ethanol to 5 parts of water on a 
volume basis. This mixture diminished the tendency of the 
plant material to creep up the wall of the beaker. The first 
ashing was made at 200° C. until the plant material was 
charred. Then the temperature was raised to £00° c. for 2 
hours. Ten ml. of IN nitric acid was added to the cooled 
ash, and after several minutes the residual acidity was neu­
tralized with 10 ml. of 1 N ammonium hydroxide. The mixture 
was evaporated to dryness and heated at 500° C. for 1 hour. 
When the beaker had cooled, 15 ml. of 1 N nitric acid was 
added. The beaker was heated briefly to hasten solution of 
the ash. The sample was transferred to a volumetric flask 
and diluted to a volume of 100 ml. Phosphorus in an aliquot 
of this solution was determined by the molybdivanadophosphoric 
acid method of Kitson and Mellon (1%4). 
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pH of saturated soil-paste and conductivity of extract of 
saturated soil-paste 
The soil samples used In these analyses were ground to 
pass a 32-mesh sieve. Measurements of pH of the saturated 
soil-paste and electrical conductivity of the extract of the 
saturated soil-paste were made on single saturated soil-
paste preparations as described by Richards (1954)• The 
conductivity measurement was made with a pipette-type con­
ductivity cell and a Wheat stone bridge. The pH measurement 
was made with a glass electrode and a calomel electrode im­
mersed in the soil paste. Readings were taken until they 
could be duplicated within i of a pH unit. 
Determination of phosphorus 
An aliquot was taken from a known volume of solution, and 
phosphorus was determined colorimetrlcally by the molybdiphos­
phoric acid method of Dickman and Bray (1940) as modified by 
Legg and Black (1955). Legg and Black (1955) modified the 
manner of preparation of the ammonium molybdate and stannous 
chloride reagents# All phosphorus analyses other than those 
on plant material were made by this method. 
Total-phosphorus analysis of fertilizers 
A weighed quantity (about 0.200 gm.) of air-dry ferti­
lizer was placed in a platinum crucible with a 5-gm. portion 
of sodium carbonate and was fused in a muffle furnace at 
900° C. for 2 hours. The cooled melt was treated with 25 ml. 
of 6 N hydrochloric acid on a steam plate. The mixture was 
then diluted to 250 ml. in a volumetric flask. Phosphorus 
was determined in an aliquot as described in the preceding 
section. 
Movement of phosphorus frcm fertilizers 
Method I The soils used in this method were less than 
32-mesh. A 15-gm. quantity of air-dry soil was placed in a 
basket made from a square of glass cloth 7*5 cm. on a side. 
The source of this glass cloth was the ¥. M. Stanley Co., 
lj.01 Bdwy., New York, N. Y. Five replications of nine soils, 
of powdered CaCO^ , and of two sizes of silica sand were pre­
pared. The baskets were then placed in water at least 12 
hours, after which they were equilibrated on a porous ceramic 
plate at a pressure of 19 cm. of mercury. Then they were 
placed in a covered chamber, where the humidity was maintained 
by a piece of blotter paper under a tension of 15 cm. of 
water, and where the baskets were not in contact with the 
blotter paper. 
Nine particles of T. V. A. CMP (Lab. No. 54651# 6 to 
12-mesh) of a known weight (about 0.230 gm.) were placed on 
the substrate in each basket and were allowed to remain in 
position for 9 weeks. Following tills period of contact the 
particles were removed and washed free of adhering substrate 
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with 10 ml. of water. They were then transferred to new 
baskets of the same material, prepared as described in the 
preceding paragraph, and were allowed to remain in position 
for an additional 12 weeks. 
At the end of the 12-week contact period the residual 
granules were removed from the substrate, and adhering sub­
strate was scraped off with a knife. The granules were then 
dried 2i|_ hours at 110° C. and weighed. The analysis for 
phosphorus was made on these particles as described above 
for "Total-phosphorus analysis of fertilizers". 
In two of the five replications total-phosphorus 
analyses were made on the soils after the 12-week contact 
period and on samples of untreated soil to determine the 
amount of phosphorus moved into the soil from the fertilizer. 
One-gm. portions of dried and mixed soil were fused with 8 gm. 
of sodium carbonate in a platinum crucible at 900° C. for 3 
hours. The cooled melt was treated with 50 ml. of 6 N 
hydrochloric acid on a steam plate and diluted to a volume of 
2f)0 ml. in a volumetric flask. An aliquot was neutralized with 
a slight excess of 3 N ammonium hydroxide, which gave a yellow 
color with p-nitrophenol. The yellow color was discharged by 
the addition of 0.1 N hydrochloric acid. Phosphorus was 
determined on this aliquot in the manner described earlier. 
Method II Small, porous, non de compos able containers, 
which could be removed from the soil, were prepared from glass 
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cloth. Two pieces of glass cloth were sewed together, and 
Duco cement was worked into the cloth on the outside of the 
seams. The size of these sacks was 1.5 by 0.75 inches. 
Weighed quantities (about 15 mgm. of P) of 32 to 60-mesh CMP 
and CSP were placed in the glass-cloth sacks. Small containers 
for the soil and fertilizer were prepared from 14-dram plastic 
vials. The soils used in this method were ground to pass a 60-
mesh sieve. The silica sand was ground to pass a 60-mesh 
sieve, treated with warm, concentrated hydrochloric acid, and 
leached free of chlorides. 
These glass-cloth sacks and the contents were then sand­
wiched into a 10-gm. quantity of soil or sand in the soil 
containers. Then these preparations were wetted to 60 per 
cent of water-holding capacity and placed in a closed chamber, 
which was held at 25 t 2° C. The atmosphere in the closed 
chamber was nearly saturated with water from a wet blotter and 
was partially saturated with toluene from an open vessel of 
toluene inside the chamber. The purpose of the toluene was to 
restrict undesirable surface growth of microorganisms. After 
incubation for 3 or 14 days the sacks were removed, scraped 
to remove most of the adhering soil, dried at 80° C., and 
brushed to remove the remaining soil. The sacks and the 
residual fertilizer were placed in platinum crucibles and 
fused with 10 gm. of sodium carbonate at 900° C. for 3 hours. 
The cooled melt was treated with 75 ml. of 3 N hydrochloric 
acid on a steam plate, and the mixture was diluted to 500 ml. 
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in a volumetric flask. Phosphorus in an aliquot of this 
volume was determined as described earlier. 
The above measurements were made in duplicate for the 
3-day incubation and in triplicate for the 14-day incubation 
of the fertilizer with the soil. Frcm one replication of the 
lip-day incubation procedure a portion of the residual ferti­
lizer was removed and weighed. Phosphorus was determined in 
this portion of fertilizer as described above in "Total-
phosphorus analysis of fertilizers". 
Water-extractable phosphorus in soil-fertilizer mixtures 
The measurement of water-extractable phosphorus in soil-
fertilizer mixtures was made In an attempt to estimate the 
relative availability of phosphorus from CMP and CSP. Small 
amounts of CSP or CMP were mixed with soil. Following various 
lengths of incubation, phosphorus was extracted with water 
from the soil-fertilizer mixtures. The lengths of incubation 
were 0, 3» 14, 24, and 38 days. 
Thirty-mgm. quantities of phosphorus in the fora of 4° 
to 80-mesh CMP or CSP were added to 400-g"» quantities of 
air-dry soil or sand. The soils and sand were less than 
60-mesh, and the addition of fertilizer phosphorus was identi­
cal with that made in the greenhouse cultures. These mixtures 
were mixed for 24 hours on an end-over-end shaker. Subs ample s 
were taken for subsequent measurements. 
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Where the soil-fertilizer mixtures were not incubated, 
the water-extractable phosphorus was measured in the following 
manner. A 2-gm. quantity of soil or soil-fertilizer mixture 
was placed in a 23>0-ml. Erlenmeyer flask, and 100 ml. of water 
was added. The mixture was shaken for 1 hour on a wrist-
action shaker. A decanted portion of the mixture was centri­
fuge d at approximately llj.,000 r.p.m. for 20 minutes in a 
Servall centrifuge. Orthophosphate-phosphorus was determined 
In an aliquot of the supernatant as described earlier. 
The determination of total phosphorus also was made on an 
aliquot of this supernatant. An aliquot was placed into a 
colorimeter tube, and 1 ml, of 6 N hydrochloric acid was 
added, after which the aliquot was heated on a steam plate 
for at least 8 hours. After cooling, a drop of 0.5 per cent 
aqueous solution of p-nitrophenol was added. The aliquot was 
then partially neutralized with ammonium hydroxide to obtain 
a slight residual acidity. The indicator was used to insure 
slight acidity. Phosphorus was determined as described 
earlier. The difference between the total phosphorus and 
the orthophosphate-phosphorus was taken as the inorganic 
phosphorus produced by acid hydrolysis. The difference in 
the phosphorus produced by hydrolysis in the control and in 
the CMP-treated soil was taken as condensed phosphate. 
When the soil-fertilizer mixtures were Incubated prior 
to measurement of water-extractable phosphorus, the measure­
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ments were obtained in the following manner. Four-gm. 
quantities of soil or s oil-fertilizer mixture were placed in 
small plastic soil-containers, and the contents were wetted 
to 60 per cent of water-holding capacity. These preparations 
were placed in the closed chamber described under "Movement 
of phosphorus from fertilizers, Method II". Following incuba­
tion, the soil container and contents were placed in a 500-
ml«, wide-mouth, Erlenmeyer flask, and 200 ml. of water was 
added. The mixture was shaken on an end-over-end shaker for 
1 hour. A decanted portion of the mixture was treated as 
described in the two preceding paragraphs. 
In all cases for the soil and soil-fertilizer mixtures, 
measurements of orthophosphate-phosphorus were made on quad­
ruplicate samples, where each set of duplicate samples was 
incubated at a different time. Measurement of total phos­
phorus was made in quadruplicate on samples of the CMP-treated 
soil and in duplicate on samples of control soil. Erratic 
observations were retained or rejected at the 0.05 probability 
level according to the extreme deviate method described by 
Dixon (1953). 
Assay of radioactivity from P-^  
Planchets for use in radioactive assay were cut from 
thin aluminum sheets. The diameter of a planchet was 3.8 cm. 
A specially designed press was used to give the planchets a 
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concave shape witfara flat surface at the bottom measuring 1.5 
cm. In diameter. The depth of the concavity was about 0.3 cm. 
The planchets were silicone coated by application of a solu­
tion of silicone grease In chloroform (about 0.1 per cent). 
In this fora a planchet would contain at least 2 ml. of 
solution. 
A suitable aliquot (usually 2 ml.) was delivered to each 
of 2 planchets frcm a volumetric pipette and evaporated slowly 
on a steam plate. One planchet was counted under a shielded, 
mica-window Geiger-Miiller tube, and the other under another 
similarly fitted tube. Such a parallel counting arrangement 
was maintained throughout the experimental work. The geometry 
of counting was maintained constant only In so far as the same 
shelves and shelf positions were used uniformly throughout. 
The self absorption was small and uniform because of the small 
amount of residue on the planchet, and the dead-time correc­
tion was negligible because of the slow counting rate. Count­
ing was continued either 30 min. or until 10,000 counts were 
observed. 
Preparation of solution of condensed phosphate of calcium 
A charge of 40 to 80-mesh T. V. A. CMP was placed in a 
small beaker, and water was added to cover the charge about 
0.5 inch. The beaker was covered tightly and stored at 2 to 
3° C. Fifteen to 50 days later, a portion of the viscous 
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material above the fertilizer charge was removed and added to 
water. A white precipitate formed immediately. The solution 
was then filtered with the same filtering arrangement used in 
the experiments requiring the use of this solution. Then the 
solution was diluted to the desired volume and was stored at 
2 to 3° C., where no perceptible hydrolysis to orthophosphate 
occurred. Solutions prepared in this manner contained from 
15 to 20 per cent of the total phosphorus in the orthophos­
phate form. This particular cationic fora of condensed phos­
phate was always used in the study of soil interaction with 
condensed phosphate. 
Paper chromatographic separation of orthophosphate from 
condensed phosphate 
The ascending chromatographic separation was made as 
described by Karl-Kroupa (1956) with some modifications in 
the procedure. The chromatographic jars were ordinary 3-1.# 
disposable, reagent jars. A small hole was bored in the lid 
to facilitate raising and lowering the chromatographic paper. 
A string was inserted through the hole and attached to a small 
wire, which was fastened to the paper. The chromatographic 
paper was prepared in 8 by 8 inch squares cut from Schleicher 
and Schuell 589 Black Ribbon paper. The spotting line was 
drawn 1.25 inches away from an edge and parallel to the edge. 
This line was drawn across the grain of the paper. The acid 
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solvent was prepared by mixing 50 gm. of trichloroacetic acid 
in 250 ml. of water, 750 ml. of isopropyl alcohol, and 2.5 ml. 
of concentrated ammonium hydroxide. The chromatographic 
spray was prepared by placing $ ml, of 60 per cent perchloric 
acid, 1 ml. of concentrated hydrochloric acid, and 1 ©n. of 
ammonium molybdate in a volumetric flask and diluting to 100 
ml. The chromatographic standard was prepared from sodium 
salts of "meta-", pyro-, and orthophosphate in the amount of 
4 mgm. of F per ml. for each phosphate species. 
The procedure adopted, after preliminary testing, was as 
follows. Ten ul. was spotted with a micropipette on each of 
10 spots on the spotting line. The phosphorus load limit was 
10 ugm. of P per spot which could be made with five 10-ul. 
deliveries per spot when the paper was dried between spot-
tings. Under these conditions the diameter of the wet spot 
was 1.2 cm. The dried paper was then formed into a cylinder 
and stapled, no overlap of edges being permitted. These paper 
cylinders were placed in the chromatographic Jars, which con­
tained 100 ml. of acid chromatographic solvent. The chroma­
tographic separation was allowed to proceed at 7° C. until 
the wet front ascended 15.7 cm. from the spotting line. The 
time required was usually 7 to 8 hours. The chromatograms 
were removed, dried briefly at about 50° C., and cut Into 
strips parallel to the spotting line. These strips were 
placed in separate beakers with 10 ml. of 5 per cent magnesium 
4i 
acetate and ashed at 500° C. for 1 hour. The residue was 
treated with 10 ml. of 1 N hydrochloric acid and transferred 
to a volumetric flask. The sample was made basic to 
p-nitrophenol with 1 N ammonium hydroxide, and 1 N hydro­
chloric acid was added to discharge the yellow color. Then 
the sample was diluted to 50 ml. Phosphorus and radioac­
tivity were determined in an aliquot of this solution as 
described earlier. 
Preliminary chromât ograms of sodium or calcium phosphate 
mixtures were made as above, except that the chromatogram was 
sprayed with chromatographic spray, and the molybdiphosphoric 
acid was reduced with an ultra-violet lamp. On all of these 
chromât ograms the lower side of the orthophosphate band was 
greater than 0.57 of the total advance of the chromatographic 
solvent. Below the orthophosphate stain there was definite 
pyrophosphate staining, a light continuous stain below the 
pyrophosphate stain, and a strong stain at the spotting line 
for those chromatograms which contained condensed phosphate. 
Chromatographic separation at 7° C. eliminated the need for 
pre-conditioning the paper with the acid solvent vapor and 
also reduced the amount of hydrolysis during the chromato­
graphic separation. 
The chromatographic solvent was replenished as used to 
maintain the level of solvent in the chromatographic jar. 
The depth of solvent in the jar was kept shallow enough to 
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avoid contamination of the solvent with phosphorus. Pour 
chromatographic separations per jar usually were made between 
additions of this type. The acid solvent was discarded and 
new solvent was added after about 20 chromatographic separa­
tions per jar. 
Apparent orthophosphate in soil-fertilizer mixtures 
The purpose of this measurement was twofold: (1) to 
elucidate the mechanism of interaction of solid-phase con­
densed phosphate with soil; and (2) to investigate the sig­
nificance of the interaction to the availability of the phos­
phorus to plants from CMP. 
The increase in the amount of orthophosphate found as a 
result of Incubation of soil with CMP is called "apparent 
orthophosphate" because of the peculiarities of the measure­
ment procedure. Each soil was incubated with a quantity of 
CMP equivalent to the rate of application in the greenhouse. 
Other samples of the same soil were Incubated under similar 
conditions with known quantities of added orthophosphate. 
These quantities of added orthophosphate were selected to 
bracket the mount of orthophosphate expected to be engendered 
in the same soil frcm the CMP addition. At the end of the 
incubation, labile orthophosphate by the method of isotopic 
dilution was determined on all the soil-phosphate mixtures in 
a uniform manner. The calibration curve, i.e., observed 
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orthophosphate versus added orthophosphate, obtained from 
incubation of the soil with known quantities of orthophos­
phate, was used to estimate the amount of orthophosphate 
engendered from the CMP treatment. 
The soil-CMP mixtures were prepared as described earlier 
under "Water-extractable phosphorus in soil-fertilizer mix­
tures". 
The preparation of some of the materials used in the 
procedure is described in this paragraph and the two follow­
ing paragraphs. A cationic resin, (CHj)^ N* cycle, was used 
was prepared by passing a dilute solution of tetramethyl 
ammonium hydroxide through a column of Amberlite IR-120 
resin, H* cycle, until the effluent was alkaline. Then the 
resin was removed, placed under vacuum suction in a Buchner 
funnel, washed three times with enough water to cover the 
resin, and air dried. This was the form of cationic resin 
which was used in all equilibrations of soil in the presence 
of resin. 
An aliquot of p32o^ 2 was used to label the orthophosphate 
in the soil suspensions for measurement of labile orthophos­
phate by isotopic dilution. The P^ O^ ~ source was heated on a 
steam plate with a small amount of bromine to convert my re­
duced form of p32 and condensed phosphate to orthophosphate. 
The preparation used for labelling the soil suspensions was 
during the equilibration of the soil with This resin 
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then obtained by transferring a quantity of the source to a 
quantity of water containing several drops of chloroform. The 
amount of phosphorus introduced into the soil suspension from 
an aliquot of this preparation was in the order of 0.1 ugm. of 
P per aliquot. 
Two different mixtures of KHgPOj^ and silica sand were 
used as the sources of orthophosphate, which were added to the 
soil before incubation. The mixtures differed in phosphorus 
concentration. A quantity of silica sand was pulverized in a 
ball mill for 3 hours. The portion passing an 80-mesh sieve 
was treated with concentrated hydrochloric acid on a steam 
plate and then leached free of chlorides. A solution of phos­
phorus frcm KHgPO^ was mixed with the sand and evaporated to 
dryness. This mixture was ground in a mortar to obtain 
homogeneity. The two mixtures contained 35.34 and 280.50 
ugm. of water-soluble P per gn. of sand. 
Four-gm. quantities of soil or soil-CMP mixtures were 
placed in small, plastic, soil containers. Vaiying quantities 
of the mixture of KHgPO^  and silica sand were mixed with the 
soil. The preparations were wetted to 60 per cent of water-
holding capacity and incubated as described under "Movement of 
phosphorus from fertilizers, Method II". Following incuba­
tion, the soil container and the contents were placed in a 
500-ml., wide-mouth, Erlenmeyer flask containing 198 ml. of 
water and 0.8 gm. of the resin described above. A 2-ml. 
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aliquot of the preparation containing P^ O^ - was a^ ed from a 
volumetric pipette. The mixture was shaken on an end-over-
end shaker for 24 hours, and a decanted portion of the mixture 
was centrifuged. The supernatant solution was passed through 
a collodion-impregnated filter paper under a pressure of 20 
to 30 p.s.i. using Ng gas. The filter paper preparation was 
described by Lindsay et al. (1959), and the pressure filter 
chambers were described by Peaslee (I960). Radioactivity and 
phosphorus were determined on an aliquot of the filtrate as 
described earlier. 
For each soil the phosphorus observed by isotopic dilu­
tion was plotted versus the amount of orthophosphate added 
from the mixture of KHgPO^  and silica sand. A linear rela­
tionship was fitted by least-squares analysis. The observed 
phosphorus by isotopic dilution in the CMP-soil mixture inter­
cepted this least squares straight line at a particular point 
corresponding to a certain amount of added orthophosphate'. 
This value of orthophosphate addition was taken as the appar­
ent orthophosphate engendered in the soil from the CMP addi­
tion. For the CMP-soil mixtures, the Incubations and subse­
quent measurements were made at least twice. For some quanti­
ties of or thophos phate - s t andard addition the incubations and 
subsequent measurements were duplicated, but for other quanti­
ties of orthophosphate-standard addition only a single incuba­
tion with subsequent measurements was made. The apparent 
1}.6 
orthophosphate measurement was made in all soils for the 
21j.-day incubation, but not on all soils for shorter periods 
of incubation. 
Total phosphorus determinations were made on the fil­
trates from the control soils and from soils treated with 
CMP. These analyses were made as described under "Water-
extractable phosphorus in soil-fertilizer mixtures". 
Apparent hydrolysis of condensed phosphate in soils 
The measurement of the rate of reversion of condensed 
phosphate to orthophosphate in soil can be linked with meas­
urements of apparent orthophosphate in soil-fertilizer mix­
tures as a means of understanding the overall reaction of CMP 
in soils. The general method was analogous to the preceding 
method with only one major difference. Solutions of ortho-
phosphate and condensed phosphate or of orthophosphate alone 
were added to soil suspensions and shaken for a period of time 
prior to determination of labile orthophosphate by isotopic 
dilution, whereas in the preceding method soils were incubated 
with solid-phase phosphates prior to determination of labile 
orthophosphate by isotopic dilution. 
Solutions of orthophosphate were made to contain 10, 20, 
and 30 ugm. of P per 50 ml. A solution of orthophosphate and 
condensed phosphate containing 34*9 ugm of P per ml. was 
prepared from the solution of orthophosphate and condensed 
4-7 
phosphate of calcium, prepared as described earlier. A 1-gm. 
quantity of soil was placed in each of four 100-ml. poly­
ethylene centrifuge tubes, and a 50-ml. aliquot of each of the 
above solutions was added each to a separate tube. The mix­
ture was shaken on a wrist-action shaker for lj.8 hours at 
25 + 2° C. Then 0.2 gm. of IR-120 resin, cycle, and 
2 ml. of a solution were added. The mixture was shaken 
for 24. hours, after which the preparation was centrifuged. 
The supernatant was passed through a collodion-impregnated 
filter paper under a pressure of 30 p.s.i.using Ng gas. 
Phosphorus and radioactivity were determined in an aliquot 
of the filtrate in the manner described earlier. 
Nearly all phosphate-soil preparations and subsequent 
measurements were made in duplicate. The calibration curve, 
consisting of orthophosphate observed by isotopic dilution 
versus orthophosphate added, was made in a manner analogous 
to the preceding method, except that the calibration curve was 
not fitted by least squares. Measurement of apparent hydroly­
sis was made in this manner on seven soils. 
The measurement of total phosphorus was made on the 
filtrate from the condensed phosphate-treated soil and on the 
filtrate from the orthophosphate-treated soil which exhibited 
about the same orthophosphate concentration in its filtrate 
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as in the filtrate of the condensed phosphate-treated soil. 
The method of analysis was described under "Water-extractable 
phosphorus in soil-fertilizer mixtures". 
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PRELIMINARY INVESTIGATIONS 
This chapter deals with the considerations and measure­
ments which lead up to the measurement of apparent ortho-
phosphate in soil-fertilizer mixture s and of apparent 
hydrolysis of condensed phosphate in soils. The method used 
to obtain the above measurements required considerable pre­
liminary testing because seme of the inherent assumptions 
had not been tested in soil systems. 
It was noted in an earlier discussion that when condensed 
phosphate is added to a soil, the orthophosphate observed in 
solution is an algebraic summation of the orthophosphate pro­
duced by hydrolysis, the orthophosphate s orbed by the soil, 
and the indigenous orthophosphate made soluble by interaction 
of the condensed phosphate with the solid phase of the soil. 
It is evident that a measurement of condensed phosphate and 
orthophosphate in solution will allow no conclusions about the 
distribution of condensed phosphate and orthophosphate in the 
solid phase. Complete removal of the two phosphate species 
from the solid phase by chemical treatment would cause hydrol­
ysis of the condensed phosphate to orthophosphate. In view 
of the above considerations, it was decided to measure 
apparent orthophosphate and apparent hydrolysis by the method 
of isotopic dilution. In this method, only a small portion 
of the p32-iabelled orthophosphate need be removed for the 
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necessary measurements. 
A detailed description of the considerations made with 
respect to measuring orthophosphate in situ will better 
illustrate the nature of the problem. The situation for a 
single isotopic dilution is represented as follows. A soil 
is shaken in a water suspension until the solid-phase and 
solution-phase phosphorus are approximately in equilibrium. 
Then a source of labelled orthophosphate (small volume and 
amount of orthophosphate) is added to the suspension, and the 
mixture is equilibrated long enough to approach isotopic 
equilibrium. The relationship for conservation of radio­
activity can be written: 
Pf a0 = (Pf + P')af 
where 
a0 is the specific activity of the tagged ortho-
phosphate in solution at the end of the 
equilibration if all the added had re­
mained in solution, 
af is the observed specific activity of the tagged 
orthophosphate at the end of the equilibration, 
Pf is the orthophosphate phosphorus in solution 
measured after equilibration with p32q z^, and 
p1 is the orthophosphate phosphorus in the solid 
phase with which the p32o^ 2 has undergone 
isotopic dilution. 
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In practice full isotopic dilution of the p32o^ 8 is only 
approached, because soils contain a pool of orthophosphate 
that undergoes slow exchange with p32o^ s. 
If separate quantities of a given soil are incubated 
with different known quantities of orthophosphate and then 
equilibrated with p32()^ - as just described, a relationship, 
(pf + p*) = f(x), is obtained, where x denotes the variable 
quantity of added orthophosphate. Now if another quantity of 
the same soil is incubated under similar conditions with a 
quantity of CMP, an unknown amount of orthophosphate is pro­
duced in the soil and a value reflecting this amount may be 
obtained by isotopic dilution. By entering this value as 
(pf + p1) in the function x = g(p^  + p'), which is the inverse 
function of (p^  + p') = f(x), the resulting value of x will 
represent an estimate of the actual amount of orthophosphate 
added in the original CMP plus that produced in the soil by 
hydrolysis. The value of x found in this manner in a soil 
treated with CMP is termed the apparent ortho phosphate, be­
cause of experimental details to be considered later. 
There are three basic requirements for the method of 
isotopic dilution to give an accurate estimate of the ortho-
phosphate derived from CMP. First, orthophosphate P^  must 
not exchange with condensed phosphate p31. Second, the added 
orthophosphate must attain isotopic equilibrium with the 
p32o|J2, and the quantity of indigenous soil phosphorus that 
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attains Isotopic equilibrium with p32o^  = must be the same in 
the presence as in the absence of added orthophosphate. 
Third, hydrolysis of condensed phosphate must not occur during 
the process of isotopic dilution. 
If all three of these requirements were met rigorously, 
there would be no need for the term apparent orthophosphate, 
and the indirect, calibration-type method discussed above 
would not be needed. The remainder of this chapter is taken 
up with investigations designed to learn how well these re­
quirements could be met. 
Exchange of Orthophosphate p32 with 
Condensed Phosphate p31 
Measurement of orthophosphate by isotopic dilution of 
p32o^ S in the presence of condensed phosphate requires that 
the phosphorus in the p32o^ s does not exchange with the phos­
phorus in the condensed phosphate. Hull (1941) measured the 
exchange of phosphorus between p32-iabelled orthophosphoric 
acid and condensed phosphoric acid in water. Following an 
hour or less of contact, the orthophosphoric acid was sepa­
rated from the condensed phosphoric acid by selective pre­
cipitation methods. The separated precipitates were assayed 
for radioactivity. He concluded that there was no exchange 
of p32 between the various phosphate species, because the 
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ratio of the activity in the condensed-phosphate precipitate 
to that in the orthophosphate precipitate was zero within 
limits of experimental error. Quimby et al. (1954) allowed 
a 1 and 72-hour exchange between sodium foras of pyrophosphate 
and p32„iabelled orthophosphate and then separated the mixture 
by repeated water-ethanol crystallizations. The 1 and 72-hour 
exchanges gave identical curves for specific activity versus 
the number of crystallizations. At the point where no further 
purification of pyrophosphate resulted from additional 
crystallizations, the activity of the pyrophosphate was 0.5 
per cent of that assumed if random distribution of p32 had 
occurred between orthophosphate and pyrophosphate. Gourley 
(1952) observed no distinguishable exchange during a 3-hour 
contact of inorganic orthophosphate labelled with p32 and 
organic orthophosphates (C-O-P bond), even though these or­
ganic esters of orthophosphate had a range of labilities of 
the orthophosphate group to acid hydrolysis. All these 
sources of evidence indicate no exchange. 
Work on exchange was undertaken to determine whether the 
rate of exchange is negligible in soils as well as in the pure 
solutions in which the above chemical work was done. Measure­
ments of exchange were made in solutions containing a mixture 
of orthophosphate and condensed phosphate of calcium, mixtures 
of ortho phosphate and condensed phosphate of calcium with soil 
extracts, and mixtures of orthophosphate and condensed phos­
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phate of calcium with soil. For the first-listed system, an 
aliquot of orthophosphate and condensed phosphate prepared 
from T. V. A. CMP (about 1 gm. of P per 1., pH about 6) was 
labelled with p32o^ 5, shaken for 1 hour, and thereafter al­
lowed to stand at 25° C. until chromatograms were prepared. 
Chromatograms were made 1, 2£, and 73 hours after the label­
ling operation by placing 100 ul. of the mixture on each of 
four chromatograms. The strips from duplicate chromatograms 
were composited for ashing and analyses as described earlier. 
The results are shown in Table 2. The specific activities 
expected from random distribution of p32 in the orthophosphate 
and condensed phosphate mixture were 205, 194» and 206 counts 
per min. per ugra. of P for chromatograms made 1, 25, and 73 
hours respectively, after labelling. The corresponding aver­
age percentage exchanges were 2.3, 1.1, and 1.5. These re­
sults corroborate those obtained by previous investigators. 
The chromatograms from mixtures of soil extract with 
orthophosphate and condensed phosphate were made as follows. 
Ten gm. of soil was shaken with 50 ml. of water for l\.8 hours, 
and the filtrate was obtained by filtration through Whatman 
No. 42 filter paper. Five ml. of the soil extract was mixed 
with a 5-ml. solution of p3^ ~labelled orthophosphate and con­
densed phosphate (about 1 gm. of P per 1., pH about 6). These 
preparations were shaken at 25° C., and chromatographic 
separations were made after each of several intervals of time. 
Table 2. Phosphorus and radioactivity in strips of paper cut parallel with the phosphorus source 
from chromatograms of a solution containing orthophosphate and condensed phosphate in 
which the orthophosphate had been tagged with P32^ 
Distance of Chromatograms made 1 hour 
after addition of p3^ 
Chromatograms made 25 hours 
after addition of p3* 
Chromato grams made 73 hours 
after addition of P32 
source in direc­ Phosphorus Radioactivity Phosphorus Radioactivity Phosphorus Radioactivity 
tion of movement content, Counts Counts content, Counts Counts content, Counts Counts 
of solution ugm. per per min. ugm. per per min. ugm. per per min, 
( cm. )b min. per ugm. 
of P 
min. per ugm. 
of P 
min. per ugm, 
of P 
10& to 13; 
9 to io§ 
17.36 23126 13b9 16.59 23723 1U30 17.10 2b88b lb55 
8.U6 12b0b lb66 8.87 11271 1271 8.56 10960 1280 
7| to 9 0.90 b37 186 1.96 22b lib 1.33 2b0 180 
6 to 7& 1.16 126 109 1.50 56 37 1.52 b2 28 
Ui" to 6 10.U6 100 10 10.5b bb b 11.5b hk b 
3 to bi 8.70 76 9 8.93 21 2 9.16 b6 5 
to 3 31.98 62 2 31.53 36 1 35.02 52 2 
0 to 77.19 111 1 73.51 38 1 72.86 116 2 
-1*2- to 0 23.06 52 2 29.70 82 3 19.66 33 2 
aResuits are the sum of 2 chromatograms. 
^All phosphates recovered on the chromatogram within and below the b|> to 6-cm. strip are 
condensed phosphate. 
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Two-hundred ul. of the preparation was spotted on each of four 
chromatograms, and the strips from duplicate chromatograms 
were composited for ashing and analyses as described earlier. 
The results are shown in Tables 3, 1|, and 5» The average 
percentage exchange values were not appreciably different 
from those in the case of the solution of orthophosphate and 
condensed phosphate alone. Microorganism growth was observed 
in the extracts of Muscatine (52589) and Waukegan (F-2830) 
soils after 24 hours of equilibration with the solution con­
taining orthophosphate and condensed phosphate. Hence the 
data indicate that the microorganisms concerned did not bring 
about exchange in the external solution (although exchange may 
have occurred internally). 
Chromatograms were made also from a mixture of soil with 
orthophosphate and condensed phosphate. A 5-gm. quantity of 
soil was shaken with 25 ml. of water for 2lf. hours. A 25-ml. 
quantity of a mixture of p32-iabelled orthophosphate and 
condensed phosphate (about 0.6 gm. of P per 1., pH about 6) 
was added, and the preparation was shaken for 2lj. hours. The 
supernatant from centrifugation was passed through a 
collodion-impregnated filter paper, and 200 ul. of the fil­
trate was spotted on each of four chromatograms. The strips 
from the chromatograms were composited for ashing and analyses 
as described earlier. These results also are shown In Tables 
3, ki end 5. The average percentage exchanges were greater 
Table 3. Phosphorus and radioactivity in strips of paper cut parallel with the phosphorus source from 
chromato grams of solutions of P32o^r-labelled orthophosphate and condensed phosphate which 
were equilibrated with Ida silt loam, F-29b8a 
Distance of Chromatograms of an orthophosphate and condensed phos-
strip from phate solution equilibrated with the filtrate of a 1 
source in direc- to 5 suspension of soil in water 
tion of movement 0.5 hour after addition 
of solution of labelled solution 
72 hours after addition 
of labelled solution 
Chromatograms of filtrate 
from a 2b-hour equilibration 
of an orthophosphate and 
condensed phosphate solution 
with soil 
(cm.)D Phosphorus Radioactivity Phosphorus Radioactiv ity Phosphorus Radioactivity 
content, Counts Counts content, Counts Counts content, Counts Counts 
ugm. per per min. ugm. per per min. ugm. per per min. 
min. per ugm. min. per ugm. min. per ugm. 
of Pc of PC of PC 
10J to 13& 15.88 36398 2292 21.30 36^63 1712 30.03 b6363 I5bb 
9 to 10§ 7.86 17068 2172 9.77 17866 1829 5.02 7252 lbb5 
7| to 9 1.52 33b 220 1.50 263 175 1.8b bU5 2b2 
6 to 7i 1.08 33 31 1.28 86 67 2.9b 3bb 117 
hz to 6 10.lit 9h 9 12.0b 117 10 6.87 bJU5 65 
3 to U| 8.56 8 <1 9.11 20 2 17.17 297 17 
1& to 3 31.08 7 <1 36.79 - 5 <1 25.52 371 lb 
0 to 1-g 51.U3 110 2 67.32 13b 2 23.07 393 17 o
 
0
 
•
p H|C\
1 
1 19.66 60 3 16.38 20 1 12.86 235 18 
a Be suits for the soil filtrate, phosphate mixture are the sum of 2 chromatograms, and the results 
for the soil-phosphate mixture are the sum of b chromatograms. 
^Phosphates recovered on chromatogram within and below the hi to 6-cm. strip are condensed phos­
phate. 
^Specific activities assuming random distribution of P32 are 368, 313, and 14*8 counts per min. 
per ugm. of P in columns it, 7 and 10, respectively. The corresponding average percentage exchanges 
are 0.8, 1.0, and 5.8. 
Table lu Phosphoms and radioactivity in strips of paper cut parallel with the phosphorus source from 
chromatograms of solutions of p32o.=-labelled orthophosphate and condensed phosphate which 
were equilibrated with Muscatine silt loam, $2$89a 
Distance of 
strip from 
source in direc­
tion of movement 
of solution 
Chromatograms of an orthophosphate and condensed phos­
phate solution equilibrated with the filtrate of a 1 
to 5 suspension of soil in water 
0.5 hour after addition 
of labelled solution 
U8 hours after addition 
of labelled solution 
Chromatograms of filtrate 
from a 2It-hour equilibration 
of an orthophosphate and 
condensed phosphate solution 
with soil 
(cm.)D Phosphorus Radioactivity Phosphorus Radioactivity Phosphoms Radioactivity 
content, Counts Counts content, Counts Counts content, Counts Counts 
ugm. per per min. ugm. per per mm. ugm. per per mm, 
min. per ugm. 
of Pc 
mm. per ugm. 
of PC 
min. per ugm, 
of Pc 
10k to 13| 
9 to 10| 
lit. 29 279ltl 1955 17.97 28858 1606 18.96 3591,3 1896 
10.71 1963U 1833 lO.Blt 16820 1552 18.96 37699 1988 
7& to 9 1.29 h3k 336 1.36 ltlt6 328 2.1tlt 2123 870 
6 to 7& 1.13 98 87 1.06 81 76 3.88 551t llt3 
to 6 8.lit 83 10 9.02 92 10 7.50 281 38 
3 to Itir 9.96 31 3 9.82 70 7 21.03 196 9 
1& to 3 30 .lit 12 <1 31.66 89 3 2U.32 27lt 11 
0 to l|- 68.52 82 1 63.26 155 2 35.18 672 19 
-l| to 0 31.88 70 2 29.90 138 5 26.It? 595 22 
VJX CP 
'Results for the soil filtrate, phosphate mixture are the sum of 2 chromatograms, and the 
results for the soil-phosphate mixture are the sum of It chroma to grams. 
^Phosphates recovered on chromatogram within and below the hi to 6-cm. strip are condensed 
phosphate. 
^Specific activities assuming random distribution of P32 are 275, 267, and b93 counts per min. 
per ugm. of P in columns It, 7 and 10, respectively. The corresponding average percentage exchanges 
are 1.2, 2.0, and U.O. 
Table 5. Phosphorus and radioactivity in strips of paper cut parallel with the phosphorus source from 
chromatograms of solutions of p32q^=-labelled orthophosphate and condensed phosphate which 
were equilibrated with Waukegan silt loam, F-2830a 
Distance of 
strip from 
source in direc­
tion of movement 
Chromatograms of an orthophosphate and condensed phos­
phate solution equilibrated with the filtrate of a 1 
to 5 suspension of soil in water 
0.5 hour after addition bb hours after addition 
Chromatograms of filtrate 
from a 2b-hour equilibration 
of an orthophosphate and 
condensed phosphate solution 
of solution 
(cm.)13 
of labelled solution of labelled solution with soil 
Phosphorus 
content, 
ugm. 
Radioactivity Phosphorus 
content, 
ugm. 
Radioactivity Phosphorus 
content, 
ugm. 
Radioactivity 
Counts 
per 
min. 
! Counts 
per min. 
per usm. 
of PC 
Counts 
per 
min. 
Counts 
per min. 
per ugm. 
of PC 
Counts 
per 
min. 
Counts 
per min. 
per ugm. 
of PC 
10i to 13| l6.60 3b6bh 2087 21.23 b36b0 2056 22.61 23b35 1036 
9 to lof 7.95 16621 2091 5.2b 9016 1721 29.6b 30272 1021 
7| to 9 l.bb 218 151 1.36 227 167 1.57 1211 771 
6 to ?2 1.32 58 bb 1.77 58 33 2.58 220 85 
b& to 6 10.30 65 6 11.1b 60 5 6.63 90 lb 
3 to bi­ 8.56 12 1 10.16 12 1 16.90 139 8 
ll to 3 30.Ub b6 1 3b.60 35 1 28.28 98 b 
0 to l| 71.70 106 1 70.89 188 3 20.16 273 lb 
-ig to 0 2b. 70 b5 2 25.11 62 2 20.88 232 11 
VI 
vO 
•Results for the soil filtrate, phosphate mixture are the sum of 2 chromatograms, and the 
results for the soil-phosphate mixture are the sum of b chromato grams. 
^Phosphates recovered on chromatogram within and below the bi~ to 6-cm. strip are condensed 
phosphate. 
^Specific activities assuming random distribution of p32 are 299, 29b and 377 counts per min. 
per ugm. of P in columns b, 7 and 10, respectively. The corresponding average percentage exchanges 
are 0.7, 0.8, and 2.7. 
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than any of those where soil was not present, and the greatest 
average percentage exchange occurred in the soil showing a 
relatively rapid rate of hydrolysis of condensed phosphate, as 
will be shown later. The data suggest that the rate of ex­
change increases with the rate of hydrolysis. Although the 
exchange was definitely greater in the presence of soil than 
in its absence, the extent of exchange was small enough to 
introduce only a relatively small error in the measurements 
of apparent orthophosphate by isotopic dilution of P32o^ 5 in 
soils containing some residual condensed phosphate. 
Enhancement of Phosphorus Solubility 
During Equilibration with p32 
The second requirement, noted earlier for a successful 
isotopic-dilution measurement of orthophosphate from hydroly­
sis, was that all the added orthophosphate undergoes isotopic 
dilution with p32q^ 8 and that the quantity of indigenous soil 
phosphorus that attains isotopic equilibrium with p32q^ - is 
the same in the presence as in the absence of added orthophos­
phate. If this requirement were met, the function Cp^ , + p') = 
f(x) would take on the form (pf + p1) = indigenous P + x, 
regardless of the value of x. McAuliffe et al. (1948) 
demonstrated that isotopic equilibrium is not attained even 
after If days of equilibration in soils to which no orthophos-
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phate was added. The second requirement cannot be met if 
isotopic equilibrium is not attained. An acceptable substi­
tute requirement is that, in the presence of equal additions 
of orthophosphate from CMP and from a standard source, equal 
amounts of indigenous orthophosphate plus added orthophosphate 
are measured by isotopic dilution. Then the use of the cali­
bration discussed earlier is needed, because the function, 
(pf + p') = f(x), cannot be predicted in advance of the de­
termination. This substitute requirement is most likely to 
be met if, during equilibration, the conditions approach those 
specified by the original second requirement. The desired 
condition may be approached by shifting part of the poten­
tially p32-iabile orthophosphate into the solution phase. 
This alteration will enhance the rate of equilibration of 
ortho phosphate with P32 and will alleviate the poor precision 
which results from measurements when the phosphorus concentra­
tion is low. The problem then is finding a suitable substance 
to add during the equilibration with p32, which will dissolve 
some of the solid-phase phosphorus but will not permit hydrol­
ysis of condensed phosphate. 
McAullffe et al. (1948) used 0.2 N NaCl as an additive 
to enhance the solubility of phosphorus during p32 equilibra­
tion, yet the amount of phosphorus in solution was low. 
Talibudeen (1957) successfully enhanced the amount of phos­
phorus in solution during p32 equilibration by using a 
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solution of 0.001 M ammonium citrate and 0.02 M KC1 adjusted 
to the pH of the soil. Such a procedure, in which the ionic 
strength of the solution is increased, could be undesirable 
here because of accelerated hydrolysis of condensed phosphate. 
Solubility-product considerations predict that the addition 
of a cation-exchange resin saturated with a monovalent cation 
would serve to enhance the solution concentration of phos­
phorus at the expense of compounds of phosphorus with multi­
valent cations in the solid phase. A pH increase is expected 
from enrichment of the solution phase with monovalent cations 
other than H+, but if the pH does not exceed 9 or 10 no great 
increase in the rate of hydrolysis should be expected from the 
pH factor alone. Van Wazer et_ al. (1952) demonstrated that 
the rate of hydrolysis of condensed phosphate is much slower 
in the presence of te trame thyl ammonium ion than in the pres­
ence of the sodium ion. Van Wazer (1958) observed that the 
reduced hydrolysis rate is perhaps related to the failure of 
te trame thyl ammonium ion to form a complex with condensed 
phosphate, whereas the sodium ion foras a complex with con­
densed phosphate. 
Measurements were made to test the influence of a 
cation-exchange resin, (CH^ )^ F*' cycle, on the amount of 
phosphorus extractable from several soils. Quantities of 
Amberlite IR-120 resin (0, 0.1, 0.2, and 0.5 gm. of air-dry 
resin per gn. of soil) in the (CH^ )^ N* cycle were added to 
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1 to £0 suspensions of soil in water, and the mixtures were 
shaken for various lengths of time on an end-over-end shaker. 
Then the mixtures were centrifuged, and the supernatants were 
passed through a collodion-impregnated filter paper under 
gas at a pressure of 30 p.s.i. and analyzed for phosphorus. A 
limited number of pH measurements also were made. The results 
in Table 6 show increases in solution-phase phosphorus with 
increasing equilibration time and rate of resin addition. 
Additions greater than 0.2 gm. of air-dry resin per gm. of 
soil resulted in strongly colored filtrates in all soils. 
Increases in pH were observed for all resin additions. For 
the 24-hour equilibration period, the concentration of inor­
ganic orthophosphate in the filtrate was 6 to 1$ times as 
great in the presence of 0.2 gm. of resin as in the absence 
of resin among the four soils tested. It was decided that 
such increases in soluble phosphorus would give at least a 
moderate approach to the substitute requirement discussed in 
the leading paragraph of this section. For the determination 
of apparent orthophosphate and apparent hydrolysis, a 24-hour 
equilibration of 0.2 gm. of air-dry Amberlite IR-120 resin in 
the cycle per gm. of soil was used. 
When it was decided to use resin additions as above to 
increase the soluble phosphorus, the next problem was to 
measure the rate of hydrolysis of condensed phosphate in the 
presence of the resin. Because the rate of hydrolysis could 
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Table 6. Amounts of phosphorus In solution from four soils 
equilibrated for three time periods with four rates 
of addition of tetramethyl ammonium-saturated 
cationic resin 
Phosphorus in solution (ugm. of P per gm. 
Soil Duration of of soil) from addition of resin (gm. per 
sample equilibra­ Km. of so: il) 
number tion, hours 0a 0.1 0.2% 0.5 
52570 5i 3.11 7.03 8.62 9.92 
12 2.87 8.72 lO.kl 15.17 
24 1.65 14.87 
52589 51 2.40 3.40 4.00 5.19 
12 1.26 3.91 4.82 6.49 
24 0.74 4.88 
F-2947 5* 0.37 1.40 1.98 3.60 
12 0.56 1.70 2.49 6.47 
24 0.19 2.78 
52569 5i 0.56 2.56 3.60 4.84 
12 0.8k 4.53 5.59 6.69 
24 0.56 6.92 
aThe pH values observed in the filtrate from the 24-hour 
equilibration with no resin addition are, from top to bottom, 
7.6, 6.2, 7.0, and 7.0. 
%The pH values observed In the filtrate from the 24-hour 
equilibration with 0.2 gm. of resin added per gpi. of soil are, 
from top to bottom, 9.7, 6.8, 7.3, and 7.4. 
not be measured directly in soil, a number of supernatant 
solutions were obtained, as described in the previous para­
graph, from a 24-hour equilibration of 0 or 0.2 gm. of resin 
per gm. of soil. One-hundred ul. of a solution of orthophos­
phate and condensed phosphate of calcium (0.9 gm. of P per 1.) 
and 5 drops of chloroform were added to a 50-ml. quantity of 
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supernatant solution. The mixture was shaken at 25° C., 
and after four intervals of time, duplicate aliquots were 
withdrawn for the determination of orthophosphate. Total 
phosphorus was determined just after mixing in the manner 
described under "Water-extractable phosphorus in soil-
fertilizer mixtures". 
The kinetic rate of hydrolysis appeared to be first 
order, i.e., d [cond.P]/dt = -k [cond.P] . The test of conform­
ity is a linear relationship between log^ o [cond.P] and time, 
t, where the slope of this relationship is equal to -k/2.303. 
The value of k was found by least-squares fit, and the cor­
responding half-life (t|.) was computed. These results are 
shown in Table ?• The values of (ti) indicate that the rates 
of hydrolysis in solution were sufficiently small for the 
purpose at hand. The effect of the resin addition on hydroly­
sis was not consistent among soils. Although this method of 
testing for hydrolysis of condensed phosphate is indirect, 
the results provide some indication that the rate of hydroly­
sis during equilibration with P-^  was relatively low and was 
not markedly affected by addition of the resin in the 
te trame thyl-ammonium form. 
Table ?• Rates of hydrolysis of condensed phosphate in soil extracts recovered from 2b-hour 
equilibrations of 0 and 0.2 gm. of resin per gm. of soil in 1 to 50 suspensions of 
soil in water 
Quantity Initial concentration, First- Half-life 
Soil of air-dry ugm. of P per 50 ml. Increase in orthophosphate i (ugm. order H 
sample resin added, Ortho- Apparent of P per 50 ml. ) with time i in constant in 
number gms. per gm. phosphate condensed 
b.75 
hours 
48 
in hrs.-l daysa 
of soil phosphate*3 10.75 2b.25 x 103 
F-29U7 0 1U.17 77-91 0.33 1.58 2.21 3.8b 1.08 27 
0.2 16.71 79.29 0.33 0.66 1.30 2.29 0.61 b7 
52569 0 lb. 50 72.80 0.31 0.61 2.21 3.18 0.95 30 
0.2 21.3b 79.6b 0.00 0.33 0.66 1.3b o.3b 85 
52570 0 15.bb 78.61 0.6b 0.9b 1.27 1.93 0.b3 67 
0.2 29.72 80.38 -0.7b 0.00 0.73 1.83 0.58 50 
F-29b8 0 lb.Bl 76.31 0.00 o.b6 0.63 1.27 0.39 75 
0.2 18.01 78.97 0.00 —0.6b 0.00 0.00 0.00 c 
52589 0 14.81 75.37 0.9b 0.9b 1.27 1.57 0.35 8b 
0.2 19.33 81.65 1.32 2.01 2.3b 2.67 0.5b 5b 
a(tl) is the time in days required for hydrolysis of one-half of the initial condensed 
phosphate. 
^The term apparent condensed phosphate is used, because the determination of total phosphorus 
was made by acid hydrolysis in the presence of the soil extract. 
°This value is indeterminate. 
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RESULTS AND DISCUSSION 
Greenhouse 
The greenhouse experiment was conducted to obtain 
availability-coefficient ratios of CMP and CSP on a number of 
soils. The soils were selected to obtain a range of 
availability-coefficient ratios. The concepts of evaluation 
of fertilizers advanced by Black and Scott (1956) and White 
et al. (1956) were used to design the experiment. A brief 
review of these concepts is given as an aid in the discussion 
of the results. 
If measurements of yield of dry matter or yield of 
nutrient are made at a sufficiently low supply of the nutri­
ent, a linear relationship usually exists between the bio­
logical response Y and the rate of addition of the nutrient 
X. This result is expressed as Y% = c + b%%t for the test 
fertilizer (CMP) and Yfl = c bgX8 for the standard fertilizer 
(CSP). The constant c is the response when no nutrient is 
added, and the constants (b%) and (ba) are the slopes of the 
dose-response relationships for the test and standard ferti­
lizers, respectively. Hence at equal biological responses 
from the test and standard fertilizers, bgX8 = b^ X-fc and 
bt/bs = Vxf 
For purposes of fertilizer evaluation, the availability 
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a of the fertilizer may be defined as the product of an 
availability coefficient w and a quantity of nutrient X added 
as a fertilizer. For the standard and test fertilizers the 
expressions are as = wgXg and a^ . = w^ X^ ., respectively. At 
equal availabilities of the nutrient in the standard and test 
fertilizers, wgXg = wtXt and Xg/Xt = wt/ws* 
Qualitatively similar physiological action of the phos­
phorus in the two fertilizers is indicated if a plot of yield 
of dry matter versus yield of phosphorus in the test plants 
can be represented as a single function that shows no dis­
tinction between fertilizers. Where the action is qualita­
tively similar, equal biological responses occur at equal 
availabilities; i.e., Xg/X% = b^ /bs = w%/wg. Thus the quan­
tity b^ /bg found from bioassay is equal to w%/wg, the ratio 
of the availability coefficients. For this reason, b^ /bs 
is called the availability-coefficient ratio. On the other 
hand, where the phosphorus in the two fertilizers does not 
have qualitatively similar physiological action, values of 
b.fc/ba obtained by bioassay are of unknown significance. 
It is commonly observed that a plot of yield of dry 
matter versus yield of nutrient is nearly linear where the 
supply of the nutrient is low, and that with greater supplies, 
the curve becomes concave downward. Experience has shown that 
over the linear part of this plot, and ordinarily for a small 
distance beyond, the yield of the nutrient in the plant 
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usually increases linearly with the quantity of the nutrient 
applied. It was intended that in the greenhouse experiment 
the quantities of soil would be small enough and the rates of 
application of CSP and CMP low enough to obtain a linear rela­
tionship between yield of phosphorus and the quantity of 
fertilizer phosphorus applied. 
The yields of dry matter and phosphorus in sorghum plants 
grown on different soils are shown in Table 8, and the yields 
of dry matter are plotted versus their respective yields of 
phosphorus in Fig. 1. The observations which do not meet the 
conditions for the application of the fertilizer-evaluation 
concepts of Black and Scott (1956) are set off by special 
characters. The scatter of the nondoubtful points and of the 
points for soil F-2834 was nearly linear, which indicated that 
the results fell on the linear portion of the dose-response 
relationship. For the nondoubtful soils and soil F-2834» the 
ratio of the availability coefficient of phosphorus in CMP 
to that in CSP was estimated by dividing the difference be­
tween the yield of phosphorus in the control and CMP treat­
ment by the difference between the yield of phosphorus in the 
control and CSP treatment. Availability-coefficient ratios 
were not computed for soils F-28llj., F-2829, and F-2830, be­
cause the plot in Fig. 1 indicated that the yield-of-dry-
matter versus yield-of-phosphorus function was not the same 
for the two fertilizers. In addition the results fell beyond 
Table 8. Yields of dry matter and phosphorus in sorghum plants grown on different 
soils with treatments of CMP and CSP 
Yield of dry matter per culture, gm. a Yield phosphorus per culture 
Soil 30 mgm. of P 30 mgm. of P 30 mgm. of P 30 mgm. of P 
sample as CSP as CMP as CSP as CMP 
number Control per culture per culture Control per culture per culture 
F-2834 13.45 15.45 12.17 14.40 27.45 24.02 
F-2947 6.76 15.56 15.29 5.10 13.97 13.80 
52569 3.70 12.14 11.58 2.10 16.08 14.69 
F-2822 2.64 10.15 10.45 2.63 7.71 9.00 
52583 4.60 11.57 10.40 2.94 13.22 11.43 
52570 2.86 10.44 7.97 2.40 9.72 8.90 
F-2948 1.58 15.03 11.27 0.79 13.65 8.62 
F-2950 7.51 10.05 9.46 6.44 12.10 10.28 
F-2819 3.26 11.14 11.10 3.71 9.56 10.49 
52589 4-32 13.25 12.29 2.31 10.03 8.98 
F-2834 13.51 15.09 14.62 13.35 2k.26 22.71 
F-2829 21.57 23.18 21.51 28.20 46.72 44.48 
F-29I4.9 2.82 15.6L 16.06 1.82 13.37 14.44 
F-2830 13.07 13.08 14.76 22.46 29.60 30.99 
ftAverage of ten replications. 
Pig. 1. Yield of dry matter versus yield of phosphorus in sorghum plants 
grown on soils with different phosphate treatments. 
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Table 9. Analysis of variance of yields of phosphorus in 
sorghum grown on different soils with treatments 
of CMP and CSP 
Source d.f. Sums of squares Mean square 
Block 9 132.^ 61 14.718 
Soils 13 37857.803 2912.139** 
Error (a) 117 482.682 4.125 
Fertilizer source 2 8308.770 4154.384** 
Source x soil 26 1224.549 47.098** 
Error (b) 252 656.993 2.607 
Total 419 48663.257 
**The F ratio computed from these mean squares and the 
proper error term is greater than the tabulated F for 
p = 0.01. ~ 
the linear portion of the function, which suggests that the 
dose-response relationship was not linear. 
The analysis of variance of the yield of phosphorus data 
is shown in Table 9. The fertilizer x soil interaction was 
highly significant. This result is required for the type of 
work to be reported. The coefficient of variation computed 
from the error (b) mean-square was 11.5 per cent. 
The comparative value of CMP and CSP is defined by the 
availability-coefficient ratios listed in Table 10. These 
ratios ranged from 0.61 for a calcareous soil, F-2948» to 
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Table 10. Availability-coefficient ratios and standard errors 
of the ratios based on the yield of phosphorus in 
sorghum plants grown on 11 soils in greenhouse cul­
tures 
Soil 
sample 
number 
Availability-
coefficient 
ratio, 
*CMP/*CSP 
Standard error of 
availability-coeffic lent 
ratio* 
F-2947 0.98 0.081 
52569 0.90 0.049 
F-2822 1.25 0.163 
52583 0.83 0.065 
52570 0.89 0.093 
F-2948 0.61 0.049 
F-2950 0.68 0.113 
F-2S19 1.16 0.134 
52589 0.86 0.088 
F-2834 0.86 0.062 
F-2949 1.09 0.066 
C^omputed according to White et al. (1956). The average 
standard error of the ratio is O.OÏÏ5. 
1.25 for an acid soil, F-2822. That is, CMP compared favor­
ably on soil F-2822, but unfavorably on soil F-2948. This 
range of availability-coefficient ratios is also significant 
from the statistical viewpoint as observed from the standard 
errors. 
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Laboratory 
Movement of phosphorus from fertilizer 
Measurements of the amount of phosphorus moving fran 
fertilizer particles placed in soil were made with the purpose 
of estimating the relative availability of the phosphorus of 
CMP and CSP to plants. Two different methods (Method I and 
Method II) of placing the fertilizer in contact with the soil 
were used. In Method I large particles of CMP were placed on 
the surface of the soil, and following an incubation period 
the amount of phosphorus in the residue was measured. In 
Method II small particles of CMP or CSP were placed in glass-
cloth sacks, which were sandwiched in the soil, and following 
incubation the amount of phosphorus In the residue was meas­
ured. Another distinguishing feature of the two methods was 
the difference in the length of incubation with the soil. 
The percentage of the original phosphorus removed from 
the granules and the phosphorus percentage in the residue from 
Method I are shown in Table 11. The percentage of the orig­
inal phosphorus moved out of the 6 to 12-mesh granules of CMP 
at the end of the second Incubation period was significantly 
(p = 0.01) affected by the soil or material upon which the 
granules were placed. Low amounts of phosphorus moved out of 
the granules when they were placed on CaCOj and calcareous 
soils such as F-2948 and F-2950. Much larger amounts of 
Table 11. Movement of phosphorus from 6 to 12-mesh T. V. A. CMP granules into 
various soils, CaCO), and quartz sand during two incubation periods 
Material or 
number of soil 
on which gran­
ules were placed 
Percentage of original 
phosphorus removed from 
granules by the end of 
First incubation Second incubation 
(9 weeks) (12 weeks)* 
Phosphorus percentage in 
residual granules after 
two periods of incubation 
F-2834 60 64.9 21.8 
F-2947 61 71.1 20.6 
52^ 83 60 62.3 21.9 
F-2948 56 60.8 21.6 
F-2950 48 56.4 22.5 
F-2819 61 65.9 21.5 
F-2834 76 75.5 18.5 
F-2829 64 67.9 20.5 
F-2949 65 69.5 20.5 
CaCOa (powdered) 50 54*2 22.1 
Quartz sand (>32-mesh) 71 73.6 19.1 
Quartz sand (<60-mesh 75 75.0 18.0 
S^tandard error of the values given in this column is 1.2 percentage units. 
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phosphorus moved out of the granules when they were in contact 
with quartz sand and acid soils such as F-283I}. and F-29^ 7. 
From l±8 to 75 per cent of the original phosphorus moved 
out of the granules during the first 9 weeks' incubation, and 
from 54«2 to 75.5 per cent of the phosphorus moved out into 
the substrate at the end of the second Incubation period of 
12 weeks. Only a small amount of movement occurred during the 
second incubation period. This limited movement during the 
second incubation period indicated that the nature of the 
residual phosphorus at the end of the first incubation period 
was not the same as it was prior to incubation, because in the 
second incubation period the granules were In contact with 
fresh substrate similar to that in the first incubation. Some 
visual observations were made which suggest further that there 
was a change in the nature of the CMP granules. Soon after 
the beginning of the first incubation the granules of CMP 
developed a glistening, vitreous appearance because of their 
hygroscopic nature. Later a viscous material flowed from the 
particles into the substrate and cemented the granules to the 
substrate. By the end of the first Incubation the viscous 
material had disappeared, and the remaining CMP granule ap­
peared chalk-like. These observations were more prominent 
with some substrates than with others. 
The percentage of phosphorus in the residual granules 
is shown in Table 11. The phosphorus percentage in the 
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original granules was 27.6 per cent P, but the phosphorus 
percentages in the residue were lower after the two incuba­
tion periods. This change in the phosphorus percentage is 
one more kind of evidence suggesting alteration of the 
granules of CMP. 
Method II was designed to avoid the cumbersome features 
of Method I, which were the long incubation and the use of 
particles much larger than common fertilizer-size particles. 
The glass-cloth sacks in Method II permitted the use of 
particle sizes small enough to accommodate the evaluation 
of CSP. The results of the measurements in Method II are 
shown in Table 12. There was a marked contrast between the 
amounts of phosphorus of CMP and the amounts of phosphorus 
of CSP which moved out of the sacks. The percentage of the 
original phosphorus of CSP moved out of the sacks after 3 
days was greater than 7$ per cent, and after 14 days the 
percentage of the originalphosphorus of CSP moved out of the 
sacks averaged about 80 per cent. Moreover, the substrate 
did not exert much effect on the percentage of original 
phosphorus which migrated from CSP. The percentage of the 
original phosphorus of CMP moved out of the sacks after 3 days 
ranged from 15 to 30 per cent, and after 14 days the percent­
age of the original phosphorus of CMP moved out of the sacks 
ranged from 50 to 68 per cent. In the case of CMP the migra­
tion of phosphorus from tiie fertilizer was much slower than 
Table 12. Movement of phosphorus from 32 to 60-mesh T. V. A. CMP and from 32 to 60-mesh CSP into 
various soils and quartz sand during 3 and lit days' incubation 
Material or 
number of 
soil in which 
granules were 
placed 
Incubation with CSP Incubation with CMP 
Phosphorus per­
centage in residue 
after the lit-day 
Percentage of orig­
inal phosphorus re­
moved from granules 
by the end of 
Percentage of orig-
Phosphorus per- inal phosphorus re-
centage in residue moved from granules 
after the lU-day by the end of 
incubation3- 3 daysb 111 daysc incubation* 3 daysb Ik daygC 
F-281U 1U.0 78.8 81.3 21.3 27 62 
F-291*7 1U.1 79.6 80.2 21.7 27 67 
52569 1U.1 78.2 78. h 2h.3 23 61 
F-2822 13.2 80.2 81.6 23.2 15 56 
52583 13.6 77.0 77.5 2h.9 2U 52 
52570 12.7 77.5 80.5 25.5 21 50 
F-29U8 13.8 79.7 79.1 23.8 26 62 
F-2950 13.1 79.U 78.5 23.8 23 53 
F-2819 13.7 78.8 80.3 26.1 21 58 
52589 12.9 78.6 80.5 23.3 27 68 
F-283U Hi.7 78 J4 79.5 23.2 29 67 
F-2829 1U.5 78.0 80. h 23.0 25 66 
F-29U9 12.8 79.0 81.0 22.3 25 67 
F-2830 Hi.3 78.2 80.7 2li.2 27 63 
Quartz sand 15.1 77.9 7I4.6 23.5 30 65 
*The values given in columns 2 and 5 are single determinations. 
bfhe values given in columns 3 and 6 are means of duplicates, and the standard errors are 0.92 
and 3.7, respectively. 
cThe values given in columns I4 and ^ are means of triplicates, and the standard errors are 0.75 
and 3.0, respectively. 
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in the case of CSP and, in contrast to CSP, was different in 
different substrates. A small mass of cemented soil was ob­
served under the sacks containing CMP after the ll^-day incuba­
tion, especially in the calcareous soils. This mass of ce­
mented soil appeared similar to the masses of cemented soil 
below the individual granules of CMP in Method I. 
The phosphorus percentage in the residue of CSP was 
largely independent of the sub strate and averaged 13.5 per 
cent P (Table 12). These values are much lower than those 
reported by Lehr et al. (1959), where they measured the phos­
phorus percentage in the residue of pellets of Ca(B^ PO^ )^  • HgO 
incubated with soil. The value of 13.5 per cent phosphorus 
is not much larger than the phosphorus percentage in Ca^ g 
(P0^ )£(0H)2, but much lower than that in CaHPO^  • ZHgO. Lehr 
and Brown (1958) made pétrographie identifications of apatite 
in fertilizer residues, especially where CafEgPO^ jg * HgO or 
CaHPO^  • 2H2O was applied to calcareous soils. The value of 
13.5 per cent observed here could be accounted for by movement 
of soil material into the sack, impurities remaining in the 
residue, or both factors. Therefore, the significance of the 
values observed by this method is uncertain. The phosphorus 
percentage in the residue of CMP after the llj. day-incubation 
varied among substrates and also was lower than the original 
phosphorus content of 28.62 per cent. 
The amount of phosphorus moving out of the granules of 
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CMP by Method II was poorly related to the availability-
coefficient ratios even after the llj.-day incubation of the 
fertilizer particles with the soil. The amount of phosphorus 
moving out of the granules of CMP in Method I was somewhat 
better related to the availability-coefficient ratios. The 
linear association in this relationship computed on seven 
soils was r^  = 0.32. Apparently the rate of movement of 
phosphorus away from the CMP granules was not important in 
controlling the availability of phosphorus to plants from CMP. 
Although the size of the fertilizer particles of CMP, 
the manner of placing the CMP in the soil, and the length of 
incubation differed between Method I and II, there was seme 
similarity between the two methods. There were 10 soils com­
mon to both methods. Sixty-two per cent (r^  = 0.62) of the 
variation in the percentage of the phosphorus moved out of 
CMP in Method I after 21 weeks of incubation was linearly 
associated with the variation in the percentage of the phos­
phorus moved out of CMP after 14 days of incubation in Method 
II. The relationship between the phosphorus percentage in 
the residue and the percentage of the original phosphorus 
moved out of CMP is shown for both methods in Fig. 2. The 
scatter of points was clustered about a line which was nearly 
linear, and the overall coefficient of determination (r%) was 
0.77. From the relationship in Fig. 2 it is evident that the 
phosphorus percentage in the residue was related to the extent 
Pig. 2. Phosphorus percentage in residual granules of CMP versus percentage of 
original phosphorus lost from granules Into various soils, CaCOo, 
and quartz sand as obtained by two methods of fertilizer-soil contact. 
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of movement of the phosphorus from the fertilizer. Further­
more, it appears that the principal effect of the substrate 
on the phosphorus percentage in the residue was brought about 
by the control exerted by the substrate over the extent of 
movement of phosphorus out of the fertilizer. The observa­
tions in the two separate relationships of this paragraph 
indicate that the extent of movement of phosphorus in Method 
II after 14 days' incubation had not yet approached the stage 
in the movement attained in Method I. It is noteworthy that 
the phosphorus percentages in the residue of Method I ranged 
from the theoretical phosphorus percentage in CaHPO^  • 2HgO 
to that in CaHPOj^  in the order of greatest to least extent 
of movement. 
The extent of movement of phosphorus was related to the 
amount of moisture in the soil samples during Incubation, pH 
of the saturated soil-paste, and the electrical conductivity 
of the extract of the saturated soil-paste. If the dissolu­
tion of solid-phase condensed phosphate in soils were similar 
to that observed in solution, the extent of movement would be 
negatively related to soil pH, positively related to electri­
cal conductivity, and positively related to the amount of 
moisture above a critical level. The multiple-regression 
model, relating the movement of phosphorus out of the CMP 
granules to the soil characteristics, was Y = c + b]X]+ 
bgXg + b3x3# where _c, (b%), (bg), and (b^ ) are parameters, 
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Y is the percentage of the original phosphorus moved out of 
the CMP, (X^ ) is the pH of the saturated soil-paste, (Xg) is 
the electrical conductivity of the extract of the saturated 
soil-paste in millimhos per cm., and (X3) is the ml. of water 
per 15 gm. of soil at 19 cm. of Hg tension in Method I and 
the ml. of water per 10 gm. of soil at 60.per cent of water-
holding capacity in Method II. In Method I this relationship 
A 
was computed on nine soils, and the relationship was Y = 
10^ .3 - 4.2Xi - 3.8X2 - l.TXj, with R2 = 0.90. In Method II 
this relationship was computed on 14 soils, and the relation­
ship was Y = 103.1 - 4.7%i - 0.8X2 - 3.2X3, with R2 = 0.77. 
With both methods the estimates of (t>i) and (b^ ) were differ­
ent from zero at probabilities less than p = 0.01, whereas 
the estimate of (b^ ) was not significantly different from 
zero. Because the estimate of (bg,) was not significantly 
different from zero, it is likely that the ionic strength 
of the soil solution of nonsaline cultivated soils is not an 
important factor in the rate of movement of phosphorus from 
CMP. The pH relationship was as expected from pure solutions, 
but the sign of the estimate of (b^ ) was the opposite of that 
expected. Apparently the CMP granules were being incubated 
in soils where the moisture level per se was above a level 
required for dissolution. Perhaps the clay content of the 
soils was involved. The quantities of moisture used here 
probably were related positively to the clay content of the 
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soils, so that the amount of clay probably was negatively 
related to movement of the phosphorus away from the granules 
of CMP. 
Water-extractable phosphorus in soil-fertilizer mixtures 
Measurements of water-extractable phosphorus in soil-
fertilizer mixtures following various periods of incubation 
were made in an attempt to estimate the relative availability 
of phosphorus from CMP and CSP. The choice of water extrac­
tion of soil-fertilizer mixtures as a means for estimating 
the availability of phosphorus to plants from CMP and CSP was 
based on two independent considerations. 
Indications are that most, if not all, of the phosphorus 
absorbed by plants pre-exists in the soil solution. Upon 
interaction of CSP or CMP with soil, a number of endproducts 
are formed. A small portion of these endproducts appears in 
the soil solution, where it is susceptible to plant absorp­
tion. If an equilibrium relationship exists between the 
phosphorus in the solution and in the solid phase, water ex­
traction would act to shift the equilibrium toward the solu­
tion phase by virtue of the decreased phosphorus concentration 
in the solution phase. Thus, water extraction may have some 
merit as a means of estimating the relative availability of 
phosphorus to plants from CSP and CMP. The propriety of this 
consideration is attested by successful use of water extrac­
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tion in previous investigations as an index of availability 
of phosphorus to plants. 
The second consideration deals with the influence of the 
extractant on the rate of hydrolysis of condensed phosphate 
during extraction of the CMP-treated soil and subsequent 
measurements on the extract. Water alone would not accelerate 
hydrolysis as much as expected from the presence of an acid 
or a salt solution. Accelerated hydrolysis during extraction 
would result in an exaggerated estimate of the orthophosphate 
supplied from CMP. 
Soils were incubated with and without CSP or CMP, after 
which the water-extractable orthophosphate was measured. The 
rate of application of CSP and CMP was the same as in the 
greenhouse experiment, and the same soils were used. The 
results are shown in Tables 13, 14» 15, 16, and 17 for the 
0, 3, 14» 24, and 38-day incubations, respectively. In the 
case of the CMP-treated soils the amounts of water-extractable 
orthophosphate were low initially and increased as the incuba­
tion period was extended, whereas in the CSP-treated soils the 
amounts of water-extractable orthophosphate were high initial­
ly and decreased as the incubation period was extended. When 
the incubation period was extended to 38 days the amount of 
water-extractable orthophosphate found in the CMP-treated 
soils averaged slightly less than the amounts found in the 
CSP-treated soils. The amount of water-extractable ortho-
Table 13» Orthophosphate and condensed phosphate extracted with water from various soils without 
prior incubation in the moist condition following the addition of ISP or CMP 
Orthophosphate extracted, ugm. of P per Condensed phosphate extracted, ugm. of P 
gm. of soil or 50 ml. of solution per gm. of soil or 50 ml. of solution 
Soil Increase over control from addi- Increase over control from 
sample tion of 75 ugm. of P as the indi- addition of 75 ugm. of P as 
number cated fertilizer ' per gm. of soil CMP per gm. of soil 
Control CSP CMP Control6 
F-2811* 6.78 19.58 -0.10 0.7U -0.38 
F-29U7 1.03 8.67 0.13 0.59 -0.11 
52569 1.50 39.U1 0.56 0.51 -0.19 
F-2822 0.70 15.39 0 0.22 0.1*0 
52583 In 00 1*5.1*9 0.28 0.52 0.08 
52570 2.91 ia. 70 0.75 0.62 o.llt 
F-29U8 0.76 59.82 0.52 0.03 o.ol* 
F-2950 3.10 33.22 0.10 0.22 0.15 
F-2819 0.1*7 7.91 o.i5 0.30 0.15 
52589 1.77 1*5.58 0.59 0.32 0.16 
F-283U 2.1*0 15.21* 0.16 0.68 0.01 
F-2829 18.16 39.22 -0.28 0.71* —0.16 
F-29i|9 1.18 35.58 0.58 0.3U 0.01 
F-2830 29.22 51*. 56 -2.00 0.25 -0.21 
(Quartz sand) 73.70 2.97 0.81 
aThe values in this column are averages of duplicate extractions with subsequent measurement on 
each extraction. All other values are the average of four extractions with subsequent measurement 
on each extraction. 
Table 14» Orthophosphate and condensed phosphate extracted from various soils with water after a 
3-day incubation with and without the addition of CMP or CSP 
Orthophosphate extracted, ugm. of P per Condensed phosphate extracted, ugm. of P 
gm. of soil or 50 ml. of solution per gm. of soil or 50 ml. of solution 
Soil Increase over control from addi- Increase over control from 
sample tion of 75 ugm. of P as the indi- addition of 75 ugm. of P as 
number cated fertilizer per gm. of soil CMP per gm. of soil 
Control CSP CMP Control3-
F-28 lit 8.59 6.6 9 -0.73 -0.26 0.23 
F-2947 0.46 1.76 0.05 0.25 -0.02 
S2b'69 1.36 9.50 1.34 0.36 -0.21 
F-2822 0.76 3.32 -O.25 0.44 -0.35 
52583 3.15 22.15 2.12 —0.l4 -0.01 
52570 2.86 24.92 1.65 0.22 -0.37 
F-29lt8 0.56 27.93 2.15 0 -0.59 
F-2950 2.65 15.1:5 1.00 0.16 -0.29 
F-2819 0.42 2.52 -0.11 0 0.06 
52589 0.82 9.22 0.38 0.06 0.56 
F-2834 1.38 3.3 8 0.34 0.44 0.09 
F-2829 11.56 12.08 0.71 0.38 0.09 
F-29lt9 0.48 10.23 0.48 0.30 0.06 
F-2830 12.84 10.79 -1.1)1 0.07 0.55 
(Quartz sand) — — 71.72 3.58 — — 14.41 
aThe values in this column are averages of duplicate incubations with single subsequent 
extraction and measurement on each incubation sample. All other values are the average of four 
incubations with single subsequent extraction and measurement on each incubation sample. 
Table 15. Orthophosphate and condensed phosphate extracted from various soils with water after a 
Ill-day incubation with and without the addition of CMP or CSP 
Orthophosphate extracted, ugm. of P per Condensed phosphate extracted, ugm. of P 
gm. of soil or 50 ml. of solution per gm. of soil or 50 ml. of solution 
Soil 
sample 
number 
Control 
Increase over control from addi­
tion of 75 ugm. of P as the indi­
cated fertilizer per gm. of soil 
CSP CMP Control^ 
Increase over control from 
addition of 75 ugm. of P as 
CMP per gm.of soil 
F-2814 5.85 4.19 5.01 -0.04 0.92 
F-29li7 0.19 2.05 1.07 0.27 0.47 
52569 1.21 5.70 5.93 0.10 0.74 
F-2822 0.63 3.40 1.20 0.24 1.30 
52583 3.Ill 19.67 6.45 0.30 -0.08 
52570 2.7 6 19.27 5.52 0.08 0.20 
F-29I18 O.I16 22.81 6.50 0.27 0.16 
F-2950 2.63 14.65 3.33 0.18 0 
F-2819 0.18 1.46 0.78 0.28 0.04 
52589 0.51 7.96 2.20 0.38 0.87 
F-283I1 1.29 0.35 0.99 0.23 0.99 
F-2829 11.10 12.60 10.34 0.43 0.37 
F-29U9 0.17 6.25 1.86 0.17 0.41 
F-2830 10.?)i 9.40 5.04 0.19 0.69 
(Quartz sand) 
— — 67.31 13.12 42.37 
*The values in this column are averages of duplicate incubations with single subsequent extrac­
tion and measurement on each incubation sample. All other values are the average of four incubations 
with single subsequent extraction and measurement on each incubation sample. 
Table 16. Orthophosphate and condensed phosphate extracted from various soils with water after a 
24-day incubation with and without the addition of CMP or CSP 
Orthophosphate extracted, ugm. of P per Condensed phosphate extracted, ugm. of P 
gm. of soil or 50 ml. of solution per gm.of soil or $0 ml. of solution 
Soil 
sample 
number 
Control 
Increase over control from addi­
tion of 75 ugm. of P as the indi­
cated fertilizer per gm. of soil 
CSP CMP Control3-
Increase over control from 
addition of 75> ugm. of P as 
CIIP per ?m. of soil 
F-28ll| U.72 2.90 3.93 0.35 0.02 
F-2947 0.23 2.09 1.33 0.15 0.10 
52569 0.7k 4.75 6.08 0.29 0.08 
F-2822 0.^6 2.38 1.46 0.26 -0.05 
52583 3.64 15.12 7.52 0.12 0.63 
52570 2.70 15.3U 6.00 0.05 -0.05 
F-2948 0.60 19.86 4.88 0.01 0.21 
F-2950 2.63 13.08 3.53 -0.12 0.32 
F-2819 0.1b 1.48 1.10 0.24 0.16 
52589 0.41 6.03 3.35 0.24 0.62 
F-2834 1.20 1.54 1.68 0.20 0.82 
F-2829 9.50 10.54 9.68 0.48 0.16 
F-2949 0.23 5.39 3.47 0.15 o.o5 
F-2830 11.03 8.37 7-27 0.15 0.20 
(Quartz sand) — — 61.72 22.81 — — 23.05 
^The values in this column are averages of duplicate incubations with single subsequent extrac­
tion and measurement on each incubation sample. All other values are the average of four incubations 
with single subsequent extraction and measurement on each incubation sample. 
Table 17. Orthophosphate and condensed phosphate extracted from various soils with water after 
a 38-day incubation with and without the addition of CMP or CSP 
Orthophosphate extracted, ugm. of P per Condensed phosphate extracted, ugm. of P 
gm. of soil or 50 ml. of solution per gm. of soil or 50 ml. of solution 
Soil Increase over control from addi- Increase over control from 
sample tion of 75 ugm. of P as the indi- addition of 75 ugm. of P as 
number cated fertilizer per gm. of soil ' CMP per gm. of soil 
Control CSP CMP Control3-
F-281U In 28 3.18 8.06 0.23 -0.05 
F-29U7 0.22 2.02 1.60 0.07 o.m 
52569 0.78 5.26 8.lil 0.12 -0.01 
F-2822 0.U8 0.80 1.70 0.27 -0.10 
52583 3.20 16.60 12.70 0.10 -o.ob 
52570 1.92 13.20 9.08 0.32 —0.26 
F-29lt8 0.32 13.93 6.20 0.15 0.21 
F-2950 2.30 10.38 5.86 0.1b -0.02 
F-2819 0.23 0.b9 1.33 0.29 0.09 
52589 0.3b 6. Ob 3.09 0.22 -O.O3 
F-283U 1.15 0.79 2.28 0.26 0.55 
F-2829 9.21 10.49 lb.Ob 0.1a -0.03 
F-29U9 0.09 h.22 5.13 0.01 0.20 
F-2830 16.60 2.06 0.68 0.38 -0.12 
(Quartz sand) — — 50.98 23.80 — —  28.73 
aThe values in this column are averages of duplicate incubations with single subsequent extrac­
tion and measurement on each incubation sample. All other values are the average of four incubations 
with single subsequent extraction and measurement on each incubation sample. 
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phosphate in the CSP-treated quartz sand decreased somewhat 
during the test period, yet the water-extractable orthophos­
phate remained at a much higher level than in the soils 
treated with CSP. The decrease in water-extractable ortho-
phosphate in the CSP-treated quartz sand was most likely due 
to the reversion of CafHgPO^g " HgO to less soluble forms 
of orthophosphate, such as dicalcium phosphate. As a function 
of incubation time the amount of water-extractable orthophos­
phate in the CMP-treated quartz sand increased gradually 
until, at the end of 38 days, 32 per cent of the added phos­
phorus was present as water-extractable orthophosphate. In 
the soils treated with CMP the amounts of water-extractable 
orthophosphate were always lower than in the CMP-treated 
quartz sand. The most plausible explanation for this dif­
ference of behavior is that the soils were responsible for 
sorption of the orthophosphate. 
The amounts of water-extractable condensed phosphate 
recovered from the CMP-treated soils or quartz sand are shown 
in Tables 13 to 17. In the soils the water-extractable con­
densed phosphate was nearly nonexistent except for small 
amounts following the 14 and 24-day incubations. Similar 
measurements on the CSP-treated soils after the 14-day 
incubation indicated that the amounts of condensed phosphate 
in the CMP-treated soils were real and indicative of the CMP 
treatment. On the other hand the water-soluble condensed 
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phosphate in the CMP-treated quartz sand increased during 
incubation up to 14 days and then remained nearly unchanged 
with longer incubation. Where no moist incubation was made 
prior to extraction, the absence of condensed phosphate in 
the water extracts of the soils can be attributed largely to 
the failure of CMP to dissolve. The small amounts of con­
densed phosphate in the water extracts of soils following 
incubation may be attributed either to the existence of small 
amounts of condensed phosphate in the soil or to the sorption 
of large amounts by the soils. The method cannot distinguish 
between the two possible situations. Even if condensed phos­
phate were to exist in a soluble fora in small shells around 
the individual particles of CMP, water-extraction would 
destroy this micro-environment and promote sorption due to 
the greater interaction of the condensed phosphate with the 
soil. 
Extractability-coefficient ratios were computed for each 
soil for each incubation period as shown in Table 18. The 
difference in water-extractable orthophosphate between the 
control and the CMP-treated soil was taken as the increase in 
water-extractable orthophosphate due to the CMP treatment, and 
the difference in water-extractable orthophosphate between the 
control and the CSP-treated soil was taken as the increase in 
water-extractable orthophosphate due to the CSP treatment. 
The quotient of the increase due to the CMP treatment and the 
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Table 18. Ratio of water-extract ability coefficient of 
orthophosphate from CMP to that from CSP in vari­
ous soils after different periods of incubation 
Extractability-coefficient ratios after the 
Soil sample indicated periods of incubation in days 
number 15 j li| 24 38 
F-2814 -0.005 -0.109 1.17 1.35 2.53 
F-2947 0.015 0.028 0.52 0.64 0.79 
52569 0.014 0.141 1.04 1.28 1.60 
F-2822 0 -0.075 0.35 0.61 2.02 
52583 0.006 0.095 0.33 0.50 0.76 
52570 0.018 0.066 0.29 0.39 0.69 
F-2948 0.009 0.077 0.28 0.25 0.45 
F-2950 0.003 0.065 0.23 0.27 0.56 
F-2819 0.019 -0.01*4 0.53 0.74 2.71 
52589 0.013 0.041 0.28 0.56 0.51 
F-2834 0.011 0.100 2.83 1.09 2.88 
F-2829 -0.007 0.059 0.82 0.92 1.34 
F-291+9 0.016 0.047 0.30 0.64 1.22 
F-2830 -0.037 -0.106 0.54 0.87 0.33 
(Quartz sand) O.Olt-0 0.050 0.20 0.37 0.40 
increase due to the CSP treatment Is called the extractability-
coefficient ratio. The increase in the extractability-
coefficient ratios as the incubation period was extended re­
flects the comparable solubility of orthophosphate in CMP and 
96 
CSP. Except in a few instances the increase in the value of 
the ratio with time of incubation was continuous. The in­
stances of discontinuity are observed for soils F-2948, 
F-2834» and F-2830. The case of soils F-2830 and F-2834 can 
not be explained, but during one of the 24-day incubations 
of soil F-2948, i.e., two of the four replications, a low 
amount of orthophosphate was extracted from the CMP-treated 
soil. Presumably this result occurred from inadequate 
maintenance of moisture in the part of the humidity chamber 
in which these two samples were located during incubation. 
Neighboring samples showed the same effect but to a much 
lesser degree. 
The utility of water-extractable orthophosphate for 
estimating the relative availability of CMP and CSP was 
tested by observing the relationship between the availability-
coefficient ratios and the respective extractability-
coefficient ratios. As mentioned earlier, availability-
coefficient ratios were not available for soils F-2814, 
F-2829, and F-2830. First observations concerning the rela­
tionships between extractability-coefficient ratios and the 
availability-coefficient ratios revealed that the points for 
soils 52569 and F-2834 were far out of agreement with the 
remaining nine soils except after the 38-day incubation. They 
appeared to contain more water-extractable orthophosphate as 
a result of incubation with CMP than could be explained by the 
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plant availability of phosphorus from CMP. For convenience 
in subsequent discussion, samples 52569 and F-2834 are denoted 
as nonconfoming soils. In the discussion of the relationship 
between the extractability-coefficient ratios and the 
availability-coefficient ratios on the nine conforming soils, 
the model Y = c + bX was used, where Y represents the 
values of the availability-coefficient ratios, X represents 
the values of the extractability-coefficient ratios, and _c 
and b are parameters. In the case of the 38-day incubation 
the curvilinear model Y = c + bX + dX2 was used, where d also 
is a parameter and the other symbols have the same meaning as 
above. 
Where no incubation was made prior to water extraction 
the range of extractability-coefficient ratios was from 
-0.037 to 0.019 (Table 18). The magnitude of these ratios 
was much lower than the magnitude of the availability-
coefficient ratios (0.6l to 1.25). There was essentially no 
relationship between the extractability-coefficient ratios 
and the availability-coefficient ratios (r2 = 0.17) in the 
case of no incubation. 
After 3 days' incubation the magnitude (-0.109 to 0.141 
for all soils) of the extractability-coefficient ratios still 
was low compared to the magnitude of the availability-
A 
coefficient ratios. The computed relationship was Y = 1.03 -
3.12X with a coefficient of determination (r2) of 0.69. The 
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negative slope of this relationship was unexpected, and 
perhaps it is fortuitous, because the difference in water-
extract able orthophosphate between the control and CMP-
treated samples was small. On the other hand, the relative 
behavior of CMP and CSP in the various soils may differ enough 
between short-term and long-term incubation that the negative 
slope is real. 
After the 14-day incubation the range of the extracta-
bility-coefficient ratios was 0.23 to 0.f?3 for the conforming 
soils, whereas values of l.Ol}. and 2.83 were observed for the 
nonconforming soils. The computed relationship for the con­
forming soils was Y = 0.54 + 1.13%, with r^  = 0.32. The 
extractability-coefficient ratios were lower than the 
availability-coefficient ratios for the conforming soils, but 
the reverse was true for the nonconforming soils. 
The closest relationship between extractability-
coefficient ratios and availability-coefficient ratios was 
obtained with a 24-day incubation. The range of the 
extractability-coefficient ratios was 0.23 to 0.74 for the 
conforming soils, where as values of 1.09 and 1.28 were ob­
served for the nonconforming soils. The relationship for the 
conforming soils is shown in Pig. 3» where the computed rela­
tionship was Y = 0,38 + 1.0ÔX, with r2 = 0.76. The slope 
relationship of these two sets of ratios was nearly 1, yet the 
magnitude of the extractability-coefficient ratios was low in 
Pig. 3. Ratio of availability coefficient of phosphorus in CMP to that in CSP 
versus the ratio of extractability coefficient of phosphorus in CMP 
to that in CSP after 2k days' incubation in various soils. 
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terms of the avallability-coefficient ratios. Thus, the 
relative availability of phosphorus to plants from CMP and 
CSP was greater than that estimated by the relative quantities 
of water-extractable orthophosphate. The condensed phosphatase 
activity of the plants could account for this result. 
The extractability-coefficient ratios obtained after the 
38-day incubation ranged from 0.45> to 2.71 for the conforming 
soils, and values of 1.60 and 2.88 were observed for the non-
A 
conforming soils. The computed relationship was Y = 0.32 + 
0.92X - 0.23X^ , with = 0.89. The relationship became 
curvilinear because the denominator of some of the extract­
ability-coefficient ratios showed low values of water-
extrac table orthophosphate. The CSP-treated soils in these 
cases were yielding low values of water-extractable ortho-
phosphate. The curvilinear contribution resulted largely 
from soils F-2822 and F-2fîl9. For the other soils the range 
of the extractability-coefficient ratios was O.lj.5 to 1.22, 
which was nearly the same magnitude as observed for the 
availability-coefficient ratios. The growth period of the 
plants was days, but the more active absorption of phos­
phorus was perhaps during the first 30 deys. 
The overall significance of water-extractable orthophos­
phate for estimating relative availability of CMP and CSP to 
plants must be looked at in terms of the classification of 
soils into conforming and nonconforming soils. Without this 
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distinction the relationships discussed above would have been 
poor. The necessity for such a distinction detracts from the 
universal significance of water-extractable orthophosphate for 
comparing CMP and CSP unless some means can be used to dis­
tinguish those soils which show an unduly large amount of 
water-extractable orthophosphate upon addition of CMP. 
Apparent orthophosphate in soil-fertilizer mixtures 
The measurements of apparent orthophosphate resulting 
from the addition of solid-phase CMP to soils were used to 
estimate the relative availability of CMP and CSP and to aid 
in the interpretation of water-extractable orthophosphate 
measurements. The measurements discussed in this section 
were designed also to aid in understanding the interaction of 
CMP with soils. Considerations preceding the measurement of 
apparent orthophosphate and the method used in computing 
orthophosphate by isotopic dilution were discussed in the 
"preliminary investigations". 
The amounts of orthophosphate recovered in solution and 
recovered by isotopic dilution from added quantities of 
KB^ POj^  without prior incubation are listed for five soils in 
Table 19. Also listed in Table 19 are the measurements of 
orthophosphate by isotopic dilution on the remaining nine 
soils in the absence of added orthophosphate (these measure­
ments will be used in a later discussion). The recoveries of 
Table 19. Orthophosphate in solution and orthophosphate by isotopic dilution resulting from a 24-hour 
equilibration of a 1 to 50 soil suspension with 0.2 gm. of cationic resin per gm. of soil 
with and without the addition of KHgPO^ 
Orthophosphate (ugm. of P per sm. of soil) 
observed in solution from addition or the observed by isotopic dilution from addition 
indicated rate of ohosphorus as KHgPO^ of the indicated rate of phosphorus as KHgPOx 
Soil 
sample 13.26 ugm. of P 13.26 ugm. of P 
number 0 per gm. of soil 0 per gm. of soil 
F-281U 30.3 101.3 
F-2947 2.7 57.3 
52569 7.2 l4.7b 18.2 32.9b 
F-2822 4.2 51.0 
52583 16.5 18.7 
52570 14.5 28. ?b 17.9 33.7% 
F-291*8 3.2 18.8 It.U 21.6 
F-2950 27. 4 44.2 
F-2819 3.0 5.3 44.4 60.3 
52589 4.4 24.2 
F-2834 27.6 100.5 
F-2829 47.0 
10.9% 
83.5 
43.4b F-2949 3.2 26.4 
F-2830 8 4.9 138.7 1 
aThe equilibration was made without prior wet incubation. 
^These values are from s ingle equilibrations. All other values are from duplicate equilibra­
tions. 
io4 
Table 20. Recovery of orthophosphate from KHpPOj, in five 
soils in the absence of wet incubation prior to 
p32 equilibration 
Soil 
sample 
number 
Proportion of added orthophosphate recovered 
by the indicated method 
Orthophosphate 
in 
solution 
Orthophosphate 
by isotopic 
dilution 
52569 0.57 1.10 
52570 1.07 1.19 
F-2948 1.17 1.30 
F-2Ô19 0.18 1.20 
F-29^ 9 0.58 1.13 
the orthophosphate added as KEgPO^  were computed from Table 19 
and are shown in Table 20. Although the recovery of added 
orthophosphate in solution varied among soils, the proportion 
of the added orthophosphate recovered by isotopic dilution 
remained nearly constant at a value greater than unity. The 
cause for the large recovery by isotopic dilution is unknown, 
but it may have been the enhancement of the lability of the 
indigenous phosphorus due to erosion by the sand added with 
the KHgPO^ . Considerable erosion of the equilibrating flasks 
was observed. Another cause may have been the fondation of 
high-specific-activity precipitates of phosphorus during the 
equilibration. 
It was found that the relationships between observed 
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orthophosphate (observed in solution and observed by isotopic 
dilution) and added orthophosphate following wet incubation 
were all nearly linear. Accordingly, a calibration curve was 
computed by least-squares analysis for each soil according 
to the model Y = c + bX, where Y is the phosphorus as ortho-
phosphate observed either in solution or by isotopic dilution, 
X is the amount of phosphorus added as KHgPO^  prior to incuba­
tion, and c and b are constants. The amounts of orthophos­
phate recovered in solution and recovered by isotopic dilution 
following incubation (periods less than 2ij. days) of five soils 
with various quantities of KEgPO^  are shown in Table 21. The 
constants derived from the data of Table 21 are shown in 
Table 22. The amounts of orthophosphate recovered in solution 
and recovered by isotopic dilution following 2fy. days' incuba­
tion of soils with various quantities of Kt^ PO^  are shown in 
Tables 23 and 2lj., respectively. The corresponding entries in 
Tables 23 and % are companion measurements, i.e., they were 
made on the same equilibration mixture. By use of the linear 
model discussed in this paragraph the constants were derived 
from the data of Tables 23 and 2i*. and are shown in Table 25. 
The estimates of b, i.e., the proportion of the added 
orthophosphate recovered (Tables 20, 22, and Table 25), agree 
with the following commonly observed facts concerning recovery 
of added orthophosphate from soils. Although recovery of 
added orthophosphate by isotopic dilution was greater than 
Table 21. Orthophosphate in solution and orthophosphate by isotopic dilution resulting from a 
24-hour equilibration of a 1 to 50 soil suspension with 0.2 gm. of catlonic resin per 
gm. of soil following the indicated incubation with various amounts of KHgPO^ 
Orthophosphate (ugm. of P per im. of soil) 
Soil Length of Observed in solution from addition Observed by isotopic dilution from addi-
sample incubation of the indicated quantities of tion of the indicated quantities of KH^PO^ 
number in days KH2PO4 in ugm. of P per gm. of soil in ugm. of P per gm. of soil 
0a 8.76 I7.53a 35.06 oa 8.76 17.53* 35.06 
52569 8 10.6 15.3 17.4 23.1 12.0 17.8 19.8 26.0 
52570 10 Hw8 19.8 25.4 39.5 17.5 23.4 29.2 43.9 
F-2948 12 3.6 9.6 14.8 28.9 5.2 12.7 19.0 36.1 
F-2819 6 11.8 15.3 17.6 20.8 24.0 31.5 30.7 37.8 
F-2949 7 3.1 1.8 7.7 14.3 15.6 18.0 20.6 28.9 
*The values in these columns are from single incubations. All other values are from duplicate 
incubations. 
Table 22. Values of the constants in the calibration equation derived from known additions of 
KHgPO^ with the indicated incubation period3-
Relationship between observed and added quantities of orthophosphate-P 
according to the model Y - c •*- bX, based on the indicated observations 
Soil Length of Orthophosphate in solution Orthophosphate by isotopic dilution 
sample incubation Estimate of Estimate of Estimate of Estimate of 
number in days cb b cb b 
52569 8 11.3 0.35 13.0 0.38 
52570 10 1U.0 0.71 16.9 0.76 
F-29U8 12 3.1 0.72 4.8 0.88 H 
F-2819 6 12.5 0.25 25.6 0.35 
O 
-J 
F-29U9 7 2.5 0.32 14.9 0.38 
&The data were computed from the data in Table 21. 
bThe units of c are ugm. of P per gm. of soil. 
Table 23. Orthophosphate in solution resulting from a 24-hour equilibration of a 1 to $0 soil 
suspension with 0.2 gm. of cationic resin per gm. of soil following a 24-day 
incubation of soil with various amounts of KHgPO^ 
Soil Orthophosphate (ugm. of P per gm. of soil) observed in solution from the addition 
sample of the indicated quantities of KHgPO^ in ugm. of P per gm. of soil 
number 0 OIT™ Ï77&Î 3Ï7Ô5 39.48 49.08 Ç&tt 7ÔTÏ2 
F-2814 33.6 36.8 39.7 45.0a 47.6a 55.1* 
F-2947 4.8 4.7 5.5 11.7* 16.9 
52569 7.7 9.6 11.8 21.5 26.7 
F-2822 9.8 9.7 14.3 17.0 30.5 
52583 16.4 23.2 29.9 43.4 59.9 
52570 13.3 16.3 22.0 38.0 50.5 
F-2948 3.0 10.0 17.3 26.4 44.0 
F-2950 22.9 30.4 36.8 45.1 59.8 
F-2819 8.5 10.6 13.6 17.8* 18.8* 22.6 
52589 2.7 6.8 9.5 15.6 23.6 
F-2834 18.7 22.2 20.5 26.4a 31.3 
F-2829 52.2 57.5 61.8 68.9* 72.5* 79.5 
F-2949 2.6 3.4 5.7 10.8a 12.7* 20.9 
F-2830 79.7 82.4 81.3 89.7* 93.6* 109.9 
^These values are from single incubations. All other values,are from duplicate incubations. 
Table 24. Orthophosphate by isotopic dilution resulting from a 24-hour equilibration of a 1 to 50 
soil suspension with 0.2 gm. of cationic resin per qm.of soil following a 2It-day incubation 
of soil with various amounts of KHgPO^ 
Soil Orthophosphate (ugm» of P per gm. of soil) observed by isotopic dilution from the 
sample addition of the indicated quantities of KHgPO^ in ugm. of P per gm. of soil 
mmber 
~o OU ïtTST 3^755 39TB IM8 5975Î 7ÔTÏ2 
F-2814 U2.3 47.2 49.0 53.6* 58.7* 62.7* 
F-29U7 24.0 26.5 23.8 33.9* 40.7 
52569 12.7 16.1 19.9 28.6 35.6 
F-2822 20.9 26.1 28.3 41.4 49.0 
52583 18.5 25.4 32.3 47.2 63.6 
52570 18.3 22.8 29.4 45.5 58.0 
F-2948 3.9 11.6 19.4 29.5 48.1 
F-2950 37.3 46.3 53.7 63.1 80.8 
F-2819 17.4 19.8 24.6 27.0* 29.2a 35.2 
52589 18.7 19.3 22,2 33.2 41.5 
F-283U 31.2 31.6 32.0 37.4* 37.8* 45.0 
F-2829 68.6 72.2 77.2 83.8a 89.8* 95.4 
F-29U9 13. 4 16.3 17.6 25.0* 26.4* 35.4 
F-2830 97.0 99.6 102.7 110.6* 116.3a 129.7 
aThese values are from single incubations. All other values are from duplicate incubations. 
Table 25. Values of the constants in the calibration equation derived from known additions of 
KHgPO^ with a 24-day incubation 
Relationship between observed and added quantities of orthophosphate-P according to 
g0j^ the model ï = c + bXt based on the indicated observations 
sample Orthophosphate in solution* Orthophosphate by isotopic dilution^ 
number Estimate of Estimate of Estimate of Estimate of 
F-2814 34.1 0.30 43.7 0.28 
F-2947 2.4 0.20 19.6 0.30 
52569 7.4 0.28 13.3 0.32 
F-2822 7.0 0.30 21.8 0.40 
52583 17.6 0.60 19.6 0.62 
52570 12.5 0.54 18.5 0.57 
F-2948 3.8 0.67 4.9 0.72 
F-2950 24.5 0.60 39.2 0.70 
F-2819 9.2 0.20 18.2 0.24 
52 589 3.6 0.28 15.8 0.37 
F-2834 19.1 0.18 28.0 0.23 
F-2829 54.0 0.38 69.4 0.39 
F-2949 0.7 0.28 13.1 0.31 
F-2830 71.3 0.52 94.2 0.49 
aThe lower limit of the linear relationship was 10.2, 8.0, 9.0 and 20.0 ugm. of P as KH2PO4 
per gm. of soil for soils F-2947, F-2822, F-2947, and F-2830, respectively. 
bThe lower limit of the linear relationship was 17.8, 8.5, 20.0 and 12.5 ugm. of P as KHgPO^ 
per gm. of soil for soils F-2947, 52589, F-2834, and F-2830, respectively. 
cThe units of c are ugm. of P per «%m. of soil. 
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unity without incubation, the recovery following incubation 
decreased rapidly at first and slowly with longer periods of 
incubation. Likewise, the amount of labile, indigenous soil 
phosphorus by isotopic dilution decreased with Incubation 
(Tables 19 and 2^ ). The proportion of the added orthophos­
phate recovered in solution was always less than the propor­
tion recovered by isotopic dilution, and the difference in­
creased as the amount of added orthophosphate was increased. 
At the same time that the above measurements were made, 
the amounts of orthophosphate in solution and orthophosphate 
by isotopic dilution were measured in soils to which 75 ugm. 
of P as CMP per gm. of soil had been added. The amounts of 
orthophosphate in solution and orthophosphate by isotopic 
dilution resulting from the addition of CMP to five soils and 
quartz sand are shown in Table 26. These measurements were 
made without prior wet incubation. A calibration curve for 
the relationship between observed orthophosphate and added 
orthophosphate was made from the data in Table 19 by computing 
the equation of the straight line fonned by the two rates of 
addition of KHgPO^ . The values for apparent orthophosphate 
of Table 26 were computed from this calibration curve and the 
observed orthophosphate resulting from the addition of CMP. 
The orthophosphate in the CMP-treated quartz sand was nearly 
the same as observed by water extraction of the same mixture, 
i.e., 4..1 versus 3.0 (Table 13) ugm. of P per gn. of sand, 
Table 26. Observed orthophosphate and apparent orthophosphate found after addition of CMP and 
equilibration of a 1 to $0 soil suspension with 0.2 gm. of cationic resin per gm. of 
soil for 24 hours® 
Soil 
sample 
number 
Orthophosphate (ugm. of P per gm. of 
soil) observed by the indicated 
measurement from the addition of 75 
Apparent orthophosphate (ugm. of P per gm. 
of soil) from addition of 75 ugm. of P as 
CMP per gm. of soil, as estimated from the 
indicated measurements^ 
In solution By isotopic dilution 0rthophosphate 
in solution 
Orthophosphate 
by isotopic dilution 
52569 9.2e 21.1e 3.6 2.6 
52570 19.6 23.3 4.8 4.5 
F-2948 7.8e 10.2e 3.9 4.4 
F-2819 3.5 51.8 2.8 6.1 
F-29U9 4.4e 32.0e 1.4 3.1 
(Quartz sand) 4.1 4.1 4.1 4.1 
aThe equilibration was made without prior wet incubation. 
bThe data of Table 19 were used as the calibration curve for these measurements. 
cThese values are from a single equilibration. All other values in columns 2 and 3 are from 
duplicate equilibrations. 
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respectively. The amounts of apparent orthophosphate in the 
CMP-treated soils were nearly the same as that in CMP-treated 
sand. Whether this amount of orthophosphate was present 
originally in the CMP or resulted from hydrolysis during the 
p32 equilibration cannot be distinguished. Because, in the 
absence of (CH^ Jj^ N*, less hydrolysis of condensed phosphate 
is expected in quartz sand than in soil, the similar amounts 
of apparent orthophosphate found in the soils and quartz sand 
in the presence of (CH^ )j^ N^  indicate that the amount of hy­
drolysis of condensed phosphate during p32 equilibration was 
not sufficient to invalidate the measurement of apparent 
orthophosphate. The presence of condensed phosphate in 
solution during the p32 equilibration of CMP-treated soils is 
verified by the data in Table 27. 
In the case of the 2^ .-day incubation, the amounts of 
orthophosphate in solution and orthophosphate by isotopic 
dilution were measured in soils incubated with CMP (Table 28) 
as well as in soils incubated with quantities of KSgPO^  (Table 
23 and 2^ .). The computation of apparent orthophosphate was 
made from the calibration curve in the form X - (Y-l)/j, where 
Y is the orthophosphate observed in solution or orthophosphate 
observed by isotopic dilution resulting frcm incubation of 
CMP with a particular soil, X is the value of apparent ortho­
phosphate equivalent to a rate of standard orthophosphate 
addition, and i, and are the particular estimates of c and b, 
Table 27. Condensed phosphate In solution following 24 hours' equilibration of a 
1 to 50 soil suspension with 0.2 gm. of cationic resin per gm. of soil 
after various lengths of incubation of soils with CMP 
Soil 
sample 
number 
Condensed phosphate (ugm. of P per gm. of soil) In solution from 
incubation of soil with 75 ugm. of P as CMP per gm. of soil for 
the Indicated number of days 
0 6 7 0 10 12 2L 
F-2814 
F-2947 
52569 
F-2822 
52583 
52570 
F-2948 
F-2950 
F-2819 
52589 
F-2834 
F-2829 
F-2949 
F-2830 
(Quartz sand) 14.7 
8.0 
8.3 
4.8 
2.2 
8.3 
10.2 
8.2 
5.4 
8.7 
6.1 
26.6 
! 6.6 
0.0 
u 
11.2 
4.8 
3.5 
10.1 
20.9 
Table 28. Observed orthophosphate and apparent orthophosphate resulting from a 2It-hour equilibration 
of a 1 to 50 soil suspension with 0.2 gm. of resin per gm. of soil following a 2U-day-
incubation of soils with CMP 
Orthophosphate (ugm. of P per gm. of soil) Apparent orthophosphate (ugm. of P per gm. 
Soil observed by the indicated measurements of soil) from addition of 75 ugm. of P as 
sample from the addition of 75 ugm. of P as CMP CMP per gm. of soil, as estimated from the 
number per gm. of soil indicated measurements* 
In solution By isotopic dilution 0rthophosphate 
in solution 
Orthophosphate 
by isotopic dilution 
F-281U 5U.5 65.2 69.0 75.6 
F-29U7 16.3 39.7 67.5 66.1 
52569 23.7 29.7 57.5 5o.li 
F-2822 27.8 50.3 68.3 71.1 
52583 45.5 48.7 I16.8 1)6.6 
52570 31.1 37.9 31.1 33.8 
F-2918 28.9 31.6 111. 3 36.8 
F-2950 U7.2 63.5 38.0 3U.5 
F-2819 22.2 35.0 65.6 70.5 
52589 18. h 30.7 52.7 Uo.l 
F-283U 32.0 37.5 72.lt U0.9 
F-2829 75.9 95.6 57.9 67.3 
F-29U9 18.3 32.1 63.6 62.0 
F-2830 93.3 110.0 H2.1 32.lt 
(Quartz sand) 21.lt 20.9 
*The data of Table 25 served as the calibration curve for these measurements. 
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respectively. The parameters c_ and b were specified in the 
earlier part of this discussion. The values of apparent 
orthophosphate, which were computed from the calibration 
curves in Table 2f> and from the orthophosphate observed from 
the CMP treatment, are also shown in Table 28. 
The amounts of orthophosphate observed in solution and 
observed by isotopic dilution following incubation (periods 
less than 2I4. days) of CMP with five soils are shown in Table 
29, and the calibration curve constants computed from similar 
measurements resulting from incubation with quantities of 
KI^ PO]^  are shown in Table 22. By use of the same procedure 
as in the previous paragraph, the apparent orthophosphate 
values were calculated and are also shown in Table 29. 
It is expected that values of apparent orthophosphate 
will not be identical with the true values of orthophosphate 
engendered from the CMP. The factors influending the bias 
are as follows. First, the distribution of the added standard 
orthophosphate (KHgPOj^ ) in the soil during incubation was such 
that mm y small volumes of soil were affected. In the case of 
CMP the particles were much larger, and hence the phosphorus 
was distributed among fewer and larger volumes of soil. The 
difference in distribution probably results in some difference 
in recovery, the extent and direction of the bias depending on 
conditions within individual soils. Secondly, some of the 
Table 29. Observed orthophosphate and apparent orthophosphate resulting from a 
24-hour equilibration of a 1 to 50 soil suspension with 0.2 gm. of 
oationic resin per gm. of soil following incubation of soils with CMP 
for periods less than 24 days 
Orthophosphate (ugm. of P per gm. Apparent orthophosphate (ugm. 
of soil) observed by the indi- of P per gm. of soil) from 
cated measurements from the addl- addition of 75 ugm. of P as 
tion of 75 ugm. of P as CMP per CMP per gm. of soil, as esti-
gm. of soil mated from the indicated me as-
Soil 
sample 
number 
Incubation 
period 
in days 
In 
solution 
By 
isotopic 
dilution 
urementsa 
Ortho phosp hate 
in solution 
Orthophosphate 
by isotopic 
dilution 
52569 8 22.4 23.7 32.0 28.0 
52570 10 35.2 38.4 29.8 28.4 
F-2948 12 19.9 24.9 23.2 22.9 
F-2Ô19 6 17.3 30.6 19.2 14-3 
F-29I4.9 7 11.7 26.6 28.4 30.5 
(Quartz 
sand) 8 10.1 9.4 
*The data of Table 22 served as the calibration curve for the se me a sûrement s. 
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orthophosphate produced by hydrolysis of CMP would appear in 
the soil system at a later date during the incubation and P32 
equilibration, and it would be recovered more completely than 
the equivalent amount added as standard orthophosphate at the 
beginning of the incubation. 
There appears to be no direct way of testing the accuracy 
of the estimates of apparent orthophosphate observed from the 
incubation of CMP with soil. Alternatively, some comparisons 
were made in an attempt to substantiate the value of the 
calibration curve and the relative value of estimating ap­
parent orthophosphate by measurements of orthophosphate in 
solution and by isotopic dilution. For these comparisons a 
number of ratios were computed from the data derived from the 
24-day incubation (Tables 23, 2l+, and 28): 
(1) ratio A is the quotient of the apparent orthophos­
phate from CMP treatment estimated from orthophos­
phate by isotopic dilution and the total amount of 
orthophosphate (75 ugm. of P per gm. of soil) added 
from CSP (In later discussion this ratio is called 
the "orthophosphate ratio"); 
(2 )  ratio B is the quotient of the apparent orthophos­
phate from CMP treatment estimated from orthophos­
phate in solution and the total amount of ortho­
phosphate (75 ugm. of P per gm. of soil) added from 
CSP; 
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(3) ratio G! is the quotient of the difference in ortho­
phosphate by isotopic dilution between the control 
and the CMP-treated soil per unit of phosphorus 
added and the difference in orthophosphate by iso­
topic dilution between the control and the highest 
rate of added KHgPO^  per unit of phosphorus added; 
and 
(4) ratio D is the quotient of the difference in ortho­
phosphate in solution between the control and the 
CMP-treated soil per unit of phosphorus added and 
the difference in orthophosphate in solution be­
tween the control and the highest rate of added 
KE2P0|^ per unit of phosphorus added. 
Thus, ratios A and B were derived from calibration curves 
(one value of the ratio for each soil), whereas ratios Ç and D 
were not. Ratios C and D are the ratios one would obtain if no 
inference were made about the form of the added versus observed 
orthophosphate relationship. Also ratios A and Ç were derived 
from isotopic dilution measurements, and ratios B and D were 
derived from measurements of phosphorus in solution. The 
values of these ratios are shown in Table 30, and the linear 
relationship of each of these ratios to the availability-
coefficient ratios is shown in Table 31» Soils F-28lij., 
F-2829, and F-2830 were not used in these relationships, be­
cause availability-coefficient ratios for these soils were 
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Table 30. Values for the ratios A, B, C, and D 
Soil Value for ratio 
sample 
number Aa Ba Cb D° 
F-2814 1.01 0.92 
F-2947 0.88 0.90 0.88 0.89 
52569 0.67 0.77 0.69 0.79 
F-2822 0.95 0.91 0.98 0.82 
52583 0.62 0.62 0.65 0.63 
52570 0.45 0.45 0.46 0.45 
F-2948 0.49 0.55 0.59 0.59 
F-2950 0.46 0.51 0.56 0.62 
F-2819 0.94 0.8 7 0.92 0.91 
52589 0.53 0.70 0.49 0.66 
F-2834 0.55 0.97 0.43 0.99 
F-2629 0.90 0.77 
F-2849 0.83 0.8 5 0.79 0.80 
F-2830 0.43 0.56 
aThe data were obtained from Table 28. 
bThe data were obtained from Tables 24 and 28. 
cThe data were obtained from Tables 23 and 28. 
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not In order. The value of the calibration curve is shown 
by greater value of (r^ ) for the relationships involving 
ratio A than ratio and for the relationships involving 
ratio B than ratio D. The slopes also are nearer to 1 for 
the relationships involving ratios obtained from calibration 
curves. The values of (r2) were greater for relationships 
using ratios A and _C compared to relationships using ratios 
B and D, which signifies that the measurements from isotopic 
dilution have more value than measurements of phosphorus in 
solution for estimating availability-coefficient ratios. The 
relationships observed in Table 31 indicate that the accuracy 
of the estimates of apparent orthophosphate was improved by 
the use of the calibration curves, but the absolute accuracy 
could not be ascertained. 
In the previous paragraph it was shown that estimates of 
apparent orthophosphate obtained by measurement of orthophos­
phate in solution were not as good as measurements of apparent 
orthophosphate obtained by isotopic-dilution measurement of 
orthophosphate. Evidence is presented as follows to show 
that there is also another basis for distinguishing between 
the estimates of apparent orthophosphate from CMP derived 
from measurements by isotopic dilution (the numerator of 
ratio A) and those derived from measurements of orthophosphate 
in solution (the numerator of ratio B). In all there were 
59 cases of companion estimates of apparent orthophosphate 
122 
Table 31. Linear relationship between the availability-
coefficient ratios and each of the ratios A, 
B, Ç, and Da 
Observed linear relationship Coefficient of 
Independent Estimate Estimate determination 
variable 0f c of b (r2) 
Ratio A 0.34 0.86 0.77 
Ratio B 0.28 0.73 0.47 
Ratio C 0.45 0.70 0.53 
Ratio D 0.45 0.64 0.29 
The postulated model was Y = c + bX, where Y is the 
value of the availability-coefficient ratios listed in Table 
10, X is the value of the designated ratios in Table 30, and 
ç and b are constants. 
from the orthophosphate observed by isotopic dilution and from 
the orthophosphate observed in solution. In 39 cases out of 
59 the apparent orthophosphate derived from measurements by 
isotopic dilution was less than that derived from measurements 
of soluble orthophosphate. The probability of obtaining a 
result as observed is less than p = 0.025 in the absence of a 
real difference between methods. The probability figure was 
obtained byX where the expected value in the absence of a 
difference was 29.5» Accordingly, the estimate of apparent 
orthophosphate by observing phosphorus in solution was larger 
than the estimate by isotopic dilution. In Table 31 it was 
observed that the value of (r^ ) for the relationship Involving 
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ratio A was nearly twice as great as that for the relationship 
involving ratio B. The fact that the numerators of ratio A 
and ratio B were not measures of the same thing indicates that 
the difference in values of (r2) was not just a matter of 
precision of estimation of apparent orthophosphate. From the 
slopes of the relationships in Table 31 involving ratio A and 
B, one would infer that the estimates of apparent orthophos­
phate by isotopic dilution were less than the estimates of 
apparent orthophosphate from orthophosphate in solution. In 
the presence of a fixed amount of indigenous plus added 
orthophosphate in isotopic equilibrium, the result obtained 
could be accounted for if some condensed phosphate were to 
interact with the soil and make soluble more of the solid-
phase phosphorus labile to P32 (the data in Table 27 show 
that soluble condensed phosphate was present). The result of 
such an interaction would be to increase the orthophosphate 
in solution with no resultant change in the orthophosphate 
labile to P32. Either an exchange of soluble condensed phos­
phate for orthophosphate or a cation complexing by the con­
densed phosphate could account for the result. 
The basis used to distinguish conforming from nonconform­
ing soils in the water-extractable orthophosphate measurements 
was that the condensed phosphate was exerting an effect 
similar to that described in the above paragraph. T3ie rela­
tionship between the water-extractability-coefficlent ratios 
1214. 
from the 2l+-day incubation and the orthophosphate ratio ob­
tained with 21+ days' incubation (ratio A in Table 30) is 
shown in Pig. 1+. The relationship for the conforming soils 
(r^  = 0.7W was much better than for the nonconforming soils 
(r2 = 0.21+), and the two groups of soils did not appear to be 
a part of the same relationship. Where an exactly analogous 
relationship to Fig. 1+ was tested using ratio B (Table 30) 
instead of the orthophosphate ratio, all the soils appeared 
A 
as part of the same relationship, Y = -0.18 + 1.22X, with 
p2 s 0.38. This result is in agreement with the action of 
condensed phosphate on the solid-phase orthophosphate both in 
the water-extraction measurements and in the equilibrations 
of cationic resin with soil. The difference among soils ap­
pears to be not one of kind but one of degree, the degree 
increasing with the labile orthophosphate in the soil. In 
Fig. 1+ the amounts of indigenous phosphorus were much larger 
in the nonconforming group than in the conforming group. Of 
the five soils in the nonconforaing group, the availability-
coefficient ratio could be calculated in two (î>25>69 and F-
2831+). In these soils the amount of water-extractable ortho-
phosphate following incubation with CMP indicated a much 
greater availability of phosphorus to plants fron CMP than 
from the conforming soils (Fig. 3)• 
In Fig. 5> the relationship between the availability-
coefficient ratios and the orthophosphate ratios (ratio A 
Fig. i+. Ratio of extractability coefficient of phosphorus 
in CMP to that in CSP versus the ratio of ortho-
phosphate supplied by CMP to that supplied by CSP 
in various soils, both sets of measurements being 
made after 2if. days1 incubation. 
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of Table 30) is shown. This relationship was computed on 11 
soils, two of which did not conform in the availability-
coefficient ratio versus water extractability-coefficient 
ratio relationship shown in Pig. 3* The relationship in Pig. 
5 was the laboratory method which resulted in the best over­
all estimate of the relative availability of phosphorus to 
plants from CMP and CSP. The slope estimate (0.86) was evi­
dence that the orthophosphate ratio was an overestimate of 
the availability-coefficient ratios. 
Apparent orthophosphate resulting fran incubation of soil 
with CMP was determined on five soils for three incubation 
periods of 2lj. days or less (Tables 26, 28, and 29). The pur­
pose of this procedure was to determine if the rate of ap­
parent orthophosphate production in the soil could be ex­
pressed as a first-order kinetic reaction. It was found that 
the data deviated widely from the assumption of first-order 
orthophosphate formation from the solid-phase condensed phos­
phate in CMP. It is not surprising that this result occurred, 
because the rate of orthophosphate formation from solid-phase 
condensed phosphate in pure systems has not been successfully 
described by a single constant. The stationary condition of 
the CMP granule in soil probably introduces further complica­
tions. 
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Apparent hydrolysis of condensed phosphate In soils 
In field and greenhouse evaluation, the availability 
coefficient of phosphorus frcm CMP was generally lower than 
the availability coefficient of phosphorus frcm CSP on 
alkaline soils, whereas the availability coefficients from 
the two sources appeared more nearly equal on acid soils. 
It was also observed frcm the data in Table 30 that the 
orthophosphate ratio was lower for alkaline soils than for 
most of the acid soils and was positively related to the 
availability-coefficient ratios. Observations made frcm the 
study of condensed phosphate in pure solutions show that the 
hydrogen ion markedly accelerates the hydrolysis of condensed 
phosphate. The association of the field and greenhouse re­
sults and the orthophosphate ratio with the knowledge of 
condensed phosphate behavior in solutions suggests that hy­
drolysis of condensed phosphate is faster in acid than in 
alkaline soils. However, Scott (1958) noted an unusually 
large amount of orthophosphate in solution following addition 
of a mixture of so luble orthophosphate and condensed phosphate 
to alkaline soils. He did not observe these large amounts of 
orthophosphate in solution in parallel experiments with acid 
soils. This observation could be accounted for by either a 
greater rate of hydrolysis of condensed phosphate in alkaline 
soils, a greater proportion of the indigenous and added 
orthophosphate appearing in solution because of interaction 
131 
of the condensed phosphate with the soil, or both. Water 
extraction of orthophosphate following incubation of soil 
with CMP (solid-phase condensed phosphate) did not reveal 
unusually large quantities of orthophosphate in alkaline 
soils compared to acid soils. It appeared that the difference 
between these observations and the observations of Scott 
(195>8) was associated with the addition of condensed -phosphate 
in solid particles in the former case and in solution in the 
latter. 
Measurements of apparent hydrolysis of condensed phos­
phate added in solution were made on seven soils ranging frcm 
pH 5*2 to 7*8. The amounts of orthophosphate observed in 
solution and observed by isotopic dilution following a 1+8-
hour equilibration of these soils with solutions of ortho -
phosphate and with solutions of orthophosphate and condensed 
phosphate are shown in Table 32. Calibration curves were 
plotted for the observed orthophosphate by isotopic dilution 
versus the amount of orthophosphate added from KHgPO^  at the 
beginning of the equilibration. Prom the calibration curve 
and the orthophosphate observed by isotopic dilution resulting 
from the addition of the soluble condensed phosphate, the 
values of apparent hydrolysis of condensed phosphate were 
computed and are shown in Table 33• The amount of hydrolysis 
during the 2+8-hour equilibration ranged frcm 11+ per cent in 
an acid soil, P-291+7, to 79 per cent in a calcareous soil, 
Table 32. Orthophosphate in solution and orthophosphate by isotopic dilution observed from a 2li-hour 
equilibration of a 1 to 50 soil suspension with 0.2 gm. of cationic resin per gm. of soil 
following a ItS-hour equilibration of seven soils with standard orthophosphate or with a 
solution of orthophosphate and condensed phosphate 
Soil 
sample 
number 
Orthophosphate observed (ugm. of P per gm. of soil) 
In solution from the By isotopic dilution 
from addition of the 
indicated quantity of 
KHgPO^ in ugm. of P per 
gm. of soil 
addition of the indi­
cated quantities of 
KHgPO^ in ugm. of P 
per gm. of soil 
10 20 30 10 20 30 
Orthophosphate observed (ugm. of P 
per gm. of soil) from addition of a 
mixture of orthophosphate and con-
densed phosphate^ 
In solution By isotopic dilution 
F-2917 2.71 3.88 1.61 26.50 27.61 39.93 li.81i 26.3b 
52569 6.67 6.76 9.32 13.52 16.07 21.27 7.73 16.U2 
F-2822 I.6J4 1.98 — —  29.02 37.70 — —  1.20 3)4.33 
52570 18.93 26.35 35.16 21.10 33.28 1*2.33 33.86 10.56 
F-29M 8.83 15.76 25.62 15.35 25.6b la. 73 2U.86 39.82 
F-2819 0.98 1.88 U.18 33.55 39.36 18.38 1.66 35.28 
F-291\9 2.92 7.12 6.96 22.15 25.38 32.36 U.ljlt 25.88 
&The composition of the solution of orthophosphate and condensed phosphate was 5»51i and 29*35 
ugm. of o rthopho sphat e-P and condensed phosphate-P per 50 ml. or per 1 gm. of soil, respectively. 
Table 33» Apparent hydrolysis of condensed phosphate, and condensed phosphate in solution resulting 
from a l$-hour equilibration of a mixture of orthophosphate and condensed phosphate with 
soils in a 1 to 50 soil suspension in water8-
Soil pH of the 
Apparent hydrolysis of condensed phosphate 
observed by isotopic dilution 
Condensed phosphate Half-life of 
in solution following condensed 
sample 
number 
saturated 
soil-paste 
Amount in ugm. 
of P per gm. 
of soil 
Amount as per cent of 
amount of condensed 
phosphate added)3 
equilibration with 
P32 (ugm. of P per 
gm. of soil) 
phosphate in 
contact with 
soil 
(tl in days) 
F-29U7 5.2 U.O 1U 0.6 9.h 
52569 6.6 15.1 51 1.7 1.9 
F-2822 6.2 10.5 36 —0.1 3.1 
52570 7.7 22.5 77 1.6 1.0 
F-29L8 7.8 23.2 79 2.7 0.9 
F-2819 6.1 7.5 25 0.5 U.7 
F-29U9 5.7 15.2 52 0.9 1.9 
&The measurements of apparent hydrolysis were computed from values in Table 32. 
^The amount of condensed phosphate added was 29.35 ugm. of P per 50 ml. of solution or per gm. 
of soil. 
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P-291+8. Amounts of hydrolysis greater than 75 per cent were 
observed on the two calcareous soils, and amounts of hydroly­
sis less than 53 per cent were observed on the remaining 
soils, which had a pH of 6.6 or less. The apparent half-life 
for the existence of condensed phosphate in the soil was cal­
culated by assuming that first-order kinetics would apply, 
where the soil suspension was in continuous agitation. The 
time span of hydrolysis was taken as 1+8 hours on the assump­
tion that no hydrolysis was taking place during the ?32 
equilibration with the te trame thyl ammonium-saturated resin. 
These apparent half-life calculations are shown in Table 33» 
and similar calculations were made on extracts recovered frcm 
1 to 50 suspensions of soil in water (Table 7). In the case 
of an acid soil, F-291+7, the rate of hydrolysis was approxi­
mately 3 times faster in the presence of the solid-phase soil 
as in its absence, whereas in a calcareous soil, F-291+8, tiie 
rate of hydrolysis was approximately 75 times faster in the 
presence of the solid-phase soil as in its absence. The 
parallel comparison for soil 52569 was between the two ex­
tremes. Although the bias introduced into the apparent half-
life calculations was not ascertained, there Is evidence that 
the rate of hydrolysis Is accelerated In the presence of 
solid-phase constituents of the soil and that some soils con­
tain constituents in the solid phase which more effectively 
accelerate hydrolysis than others. 
13$ 
The values of apparent hydrolysis verify the findings of 
Scott (1958), in which a considerably larger amount of ortho -
phosphate appeared in solution in alkaline than in acid soils 
as a result of additions of soluble condensed phosphate. 
These findings do not agree with the expected behavior if the 
hydrogen ion were the dominant factor affecting hydrolysis in 
soils and do not agree with the results in field experiments 
regarding the association of the relative value of CMP and 
CSP with soil pH. Furthermore, the measurements of apparent 
hydrolysis resulting from addition of solutions of condensed 
phosphate to soil were not in agreement with the measurement 
of apparent orthophosphate produced from the incubation of 
soil with solid-phase CMP. Therefore, it appears that the 
difference in behavior of condensed phosphate in soils upon 
addition as a solid or in a solution can be accounted for by 
some peculiarity associated with the addition of CMP as a 
solid. Earlier it was noted that the migration of phosphorus 
away frcm the granules of CMP was negatively related to soil 
pH, whereas in the preceding paragraph it was observed that 
the hydrolysis of soluble condensed phosphate was accelerated 
by high soil pH. From these observations it appears that the 
rate and extent of the migration of the condensed phosphate 
away frcm the granules of CMP is the factor which controls 
the rate of hydrolysis of condensed phosphate in soil. 
The results which were obtained with addition of solid-
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phase CMP agreed with availability-coefficient ratios, but the 
results obtained with addition of condensed phosphate in 
solution did not agree with the availability-coefficient 
ratios. Therefore, the addition of CMP as a solid seems more 
adequate for estimating availability-coefficient ratios than 
the addition of condensed phosphate in solution. 
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SUMMARY AND CONCLUSIONS 
The two fertilizer materials considered in this thesis 
were T. V. A. calcium metaphosphate (CMP) and concentrated 
superphosphate (CSP). The phosphorus in CMP consists mainly 
of condensed phosphate, where as in CSP the main phosphatic 
constituent is orthophosphate. 
The relative availability of the phosphorus from CMP and 
CSP was measured on fourteen soils in greenhouse cultures of 
soil with sorghum as the test crop. The ratio of the avail­
ability coefficient of phosphorus from CMP and the availabili­
ty coefficient of phosphorus from CSP ranged from 0.61 for a 
calcareous soil to 1.25 for an acid soil. With this back­
ground consisting of availability-coefficient ratios deter­
mined from plant-growth measurements, the first objective of 
the thesis was to develop laboratory methods of comparing 
CMP and CSP, which could be used to estimate the relative 
availability of phosphorus to plants from CMP and CSP in 
different soils. The second objective of the thesis was to 
provide information about the interaction that occurs between 
soil and the added CMP. 
With respect to the first objective, four different 
laboratory methods of comparing CMP and CSP were developed 
in an attempt to estimate the availability-coefficient ratios 
obtained in the greenhouse evaluation. The first of these 
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laboratory methods was the measurement of the movement of 
phosphorus away from the CMP and CSP granule s. The second 
method was the measurement of water-extractable orthophosphate 
from incubated mixtures of soil with CSP and CMP. The third 
method was the estimation of the total amount of orthophos­
phate occurring in incubated mixtures of soil with CMP and 
CSP. The fourth laboratory method was the estimation of 
hydrolysis of condensed phosphate added to soil in solution 
form. 
The movement of phosphorus from CMP granules was ascer­
tained by placing these granules in soils and removing the 
residue for analysis after an incubation period. There was 
only a small correlation between the availability-coefficient 
ratios and the movement of phosphorus away frcm the granules 
of CMP. A good relationship between the phosphorus percentage 
in the residue from CMP and the percentage of phosphorus moved 
from the granules indicated that the soil was influencing the 
residue by way of its influence on the extent of movement of 
the phosphorus away from the granules. The pH and the amount 
of water in the soil during incubation of the soil with CMP 
granules were each negatively related to the extent of move­
ment of phosphorus from the granules. The pH effect was as 
expected from observations on rate of solution of CMP in 
aqueous solutions. The negative correlation between phos­
phorus movement and water content suggested that water content 
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was not the causative agent and that some constituent of the 
clay fraction was involved, the movement of phosphorus being 
restricted by the presence of increasing quantities of the 
constituent. 
The water-extractable orthophosphate was determined in 
soils and mixtures of soils with CSP or CMP after five periods 
of incubation. In the CSP-soil mixtures, large amounts of 
water-extractable orthophosphate were observed initially, 
with decreasing amounts extracted as the incubation period 
was extended. In the case of CMP-soil mixtures, small amounts 
of water-extractable orthophosphate were observed initially, 
with increasing amounts extracted as the incubation period 
was extended. At the end of 38 days' incubation, nearly equal 
amounts of orthophosphate were extracted from CMP and CSP-
treated soils. The best relationship existed between the 
availability-coefficient ratios and the extract ability-
coefficient ratios after 21+ days' incubation. The value of 
the water-extractable orthophosphate measurement for estima­
tion of availability-coefficient ratios was limited by the 
fact that 2 soils out of 11 gave extractability-coefficient 
ratios larger than could be accounted for by the availability 
of phosphorus to plants from CMP. 
The total amount of orthophosphate added to soil in CMP 
and produced in soil by subsequent hydrolysis of the condensed 
phosphate was estimated by isotopic dilution of P32o^ e. 
llj.0 
Because recovery of added orthophosphate by this method is 
not complete, the absolute values of orthophosphate were 
estimated from a calibration curve obtained using known 
quantities of orthophosphate as KHgPO^ . The resulting esti­
mates were termed "apparent orthophosphatew. Preliminary 
to use of the particular method, it was determined that in 
the presence of soil only a negligible quantity of P32 in 
orthophosphate exchanged with p31 in condensed phosphate, 
that a cationic resin could be used to hasten the equilibra­
tion of p32o^ ~ with the orthophosphate in the system, and 
that, in the presence of (CH^ )^ N+ during the p32 equilibra­
tion, negligible amounts of hydrolysis of condensed phosphate 
occurred. The best overall estimates (r2 = 0.77) of 
availability-coefficient ratios were provided by the quotient 
of the apparent orthophosphate from solid-phase CMP and the 
total amount of orthophosphate supplied from CSP. The range 
of availability-coefficient ratios was 0.61 to 1.25 and the 
range in the orthophosphate ratio was O.lj.5 to 0.95. 
The same method of isotopic dilution and calibration with 
K^ POj^  was used to measure the apparent orthophosphate pro­
duced in soil from condensed phosphate added in solution. The 
apparent rates of hydrolysis were much accelerated in the 
presence of the solid-phase constituents of soil and were much 
faster in alkaline soils than in acid soils. The more rapid 
hydrolysis in alkaline soils than in acid soils is not in 
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agreement with the common observation that the ratio of the 
availability coefficient of phosphorus in CMP to that in CSP 
is lower in alkaline soils than in acid soils, nor is it in 
agreement with results obtained when solid-phase CMP was added 
to soil. While apparent hydrolysis of the condensed phosphate 
of CMP took place at a greater rate in alkaline soils than in 
acid soils, the rate of movement of phosphorus from the 
granules of CMP into surrounding soil took place at a greater 
rate in acid soils than in alkaline soils. Apparently the 
amount of hydrolysis of condensed phosphate was controlled by 
the rate at which the phosphorus moved away from the solid-
phase CMP granule into the soil. 
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APPENDIX 
During the course of measurement of the apparent ortho-
phosphate in soils resulting from the CMP treatment, it was 
observed that in some soils the quantity of indigenous phos­
phorus labile to p32 decreased markedly upon wet incubation 
(Table 19, column lj., and Table 21*., column 2). In some soils, 
especially the calcareous soils, there was relatively little 
change in the quantity of indigenous phosphorus labile to 
p32q^ 5. The relationship between the yield of phosphorus in 
the control plants and the amount of p32-labile orthophosphate 
with and without incubation is shown in Fig. 6. The amount of 
phosphorus labile to p32 following incubation was more closely 
related to the yield of phosphorus than the amount of phos­
phorus labile to P32 without prior wet incubation. With 
approach to a 1 to 1 relationship the possibility is greater 
that the phosphorus in the plants and the phosphorus labile 
to P32 are being derived from the same source. The slope 
estimate was much nearer to 1 where the soils were incubated 
than where they were not incubated prior to the determination 
of phosphorus labile to p32. 
Pig. 6. Yield of phosphorus in plants grown on various soils versus labile soil 
phosphorus by isotopic dilution measurements made without incubation and 
after 2k days' incubation. 
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